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The formation of sucrose-6-phosphate from UDP-glucose and 
fructose-6-phosphate was first demonstrated in wheat germ ex- 
tracts by Leloir and Cardini (1). These extracts were also found 
to catalyze the formation of sucrose from uridine diphosphate 
glucose and fructose (2-4). In these studies the enzyme that 
synthesizes sucrose-6-P was purified approximately 5- to 10-fold. 
This preparation still contained significant quantities of sucrose 
synthetase and phosphatases which hydrolyzed fructose-6-P as 
well as sucrose-6-P. 

The present study reports a 220-fold purification of the en- 
zyme from wheat germ which forms sucrose-6-P. An essentially 
complete separation of this enzyme from the one which synthe- 
sizes free sucrose has been achieved, thus demonstrating con- 
clusively that different enzymes are involved in the synthesis of 
sucrose and sucrose-6-P. The purified enzyme preparation is 
also free from sucrase and wheat germ acid phosphatases. Stud- 
ies of some of the equilibrial and kinetic properties of sucrose 
phosphate synthetase including values for the equilibrium con- 
stant at different pH values and the Michaelis constants of fruc- 
tose-6-P and UDP-glucose are reported. A preparative proce- 
dure for the synthesis of sucrose-6-P in good yield is described. 

The presence of sucrose-forming enzymes has been demon- 
strated in various seed types (2) but not in the leaves of plants, 
although sucrose is believed to be synthesized in the latter. The 
present study also reports the partial purification of an enzyme 
from spinach leaves which will catalyze the formation of sucrose- 
6-P from UDP-glucose and fructose-6-P. 


MATERIALS AND METHODS 

Commercial preparations were used unless otherwise speci- 
fied. Fructose-1-P was prepared according to Raymond and 
Levene (5). UDP obtained by ion exchange chromatography 
of an alcoholic yeast extract was provided by Dr. I. Algranati. 
UDP-glucose was isolated from yeast as described by Pontis et 
al. (6). 

Sucrose-6-P was prepared by incubating fructose-6-P and 
UDP-glucose in the presence of purified sucrose phosphate syn- 
thetase. A reaction mixture containing 300 uwmoles of UDP. 
glucose, 500 wmoles of fructose-6-P, 500 wmoles of Tris buffer 
pH 7.5, 200 umoles of P-enolpyruvate, 200 umoles of potassium 


* This investigation was supported in part by a research gran 
(No. G-3442) from the National Institutes of Health, United 
States Public Health Service. 

t Postdoctoral Fellow of the National Foundation. Present 
address, Department of Biochemistry, Western Reserve Univer- 
sity, Cleveland, Ohio. 


chloride, 20 units of pyruvic kinase, and 5.0 ml of purified en- 
zyme in a total volume of 30 ml was incubated at 37° for 30 min. 
utes. The reaction was stopped by heating for 1 minute at 100°- 
The yield from the incubation mixture was 280 umoles of sucrose- 
6-P. Thus 90% of the UDP-glucose had been utilized. About 
70% of the UDP-glucose could be converted to sucrose-6-P by 
incubating under the same conditions in the absence of pyruvic 
were precipitated as barium salts according to Cabib and Leloir 
(7). Sucrose-6-P was isolated by ion exchange chromatography 
and precipitated as calcium salt as described by Leloir and 
Cardini (1). The sucrose to phosphate ratio of the isolated ma- 
terial was 0.9. 

Radioactive sucrose-6-P was prepared as follows. A mixture 
of radioactive glucose and fructose was obtained by the method 
of Putman and Hassid (8) with the use of geranium leaves. Hex- 
ose phosphates were synthesized by incubating the isolated 
radioactive sugars with purified hexokinase, hexose isomerase, 
adenosine triphosphate, and magnesium. Fructose-6-P was 
isolated by ion exchange chromatography (9). Radioactive 
sucrose-6-P containing 1.45 X 10* c.p.m. per mole in the fruc- 
tose moiety was prepared by incubating radioactive fructose-6-P 
and UDP-glucose with sucrose phosphate synthetase as described 


tography (1). Unlabeled fructose-6-P was added to this purified 
sample, and sucrose-6-P was reisolated. The final product was 
demonstrated to be free of fructose-6-P by chromatography of 
the free sugar after treatment with acid phosphatase and by 
6-P dehydrogenase. 

Hexokinase was purified by the method of Kunits and Me- 
Donald (10). Hexose isomerase was purified from rabbit muscle 
as described by Slein (11). The enzyme from the ammonium 
sulfate precipitation step was used. Pyruvic kinase was pre- 
pared from rabbit muscle according to Biicher and Pfleiderer (12). 
One unit of pyruvic kinase catalyzes the conversion of 1 umole 
of P-enolpyruvate to pyruvate under the conditions described in 
the text. 

The activity of sucrose synthetase and sucrose phosphate syn- 
thetase was estimated as described by Cardini et al. (2), except 
that the time of incubation was 15 minutes, and Tris buffer at pH 
7.0 was used. One unit of enzyme catalyzes the formation of 1 
umole of sucrose or sucrose-6-P in 30 minutes. The ensyme 
assay, based on the determination of UDP formed in the re- 
action, was carried out according to Cabib and Leloir (7). 

Sucrose and sucrose-6-P were estimated by the method of Roe 


— 
above. The sucrose-6-P was isolated by ion exchange chroma- 
3347 


3348 


(13) with the use of a sucrose standard as described by Cardini 
et al. (2). Phosphate was estimated by the method of Fiske and 
SubbaRow (14). Protein was determined by the use of a modi- 
fied biuret reagent (15) with crystalline bovine albumin as stand- 
ard. 

Sugars were chromatographed with a solvent composed of 
n-butanol, pyridine, and water (6:4:3) (16) and with butanol- 
ethanol-water (17). Sugars were located by passing the dried 
paper through solutions of silver nitrate and 1 & alcoholic NaOH 
(18). 


EXPERIMENTAL PROCEDURE AND RESULTS 


Purification of Sucrose Phosphate Synthetase—A summary of 
the data on the purification of sucrose phosphate synthetase is 
presented in Table I. Unless otherwise indicated, all operations 
were conducted between 0 and 5°, and centrifugations for 10 
minutes at 10,000 x g. 

A quantity of 100 g of commercial wheat germ was suspended 
in 300 ml of 0.05 m phosphate buffer pH 7.5 and extracted for 2 
hours at 5° with occasional stirring. The viscous suspension was 
centrifuged, and approximately 200 ml of very turbid supernatant 
solution was obtained. 

For every 100 ml of extract, 40 g of solid ammonium sulfate 
were added. The precipitate was collected by centrifugation 


TABLE I 
Purification of sucrose phosphate synthetase 
The enzyme was assayed as described in the text. 


of 
Fraction Volume Total units Sbecificity activity . 
ructose 
ml units/mg | 
Crude extract.......... 600 7000 | 0.15 1.8 
Ammonium sulfate pre- | 
cipitations............ 600 720 0.6 1.6 
GCC 712 8540 | 0.8 1.6 
Protamine _precipita- | | 
C 167 4259 3.8 20.0 
Second ammonium sul- 
fate precipitation 45 3415 | 33.0 | 60.0 


* When the solution was clear a 2-fold purification was obtained 
in this step. 

t Only three fractions containing the highest activities were 
combined in this preparation. 


TABLE II 
Purification of sucrose synthetase 
The enzyme was assayed as described in the text. 


Ratio of 
Fraction Volume Total units 
tose-6-P 
ml units/mg 

Crude extract.......... 600 3840 0.08 0.6 
Ammonium sulfate pre- 

cipitations............ 600 4430 0.37 0.6 

Z 712 5340 0.5 0.6 
Protamine treatment 
and ammonium sul- 

fate precipitation..... 38 5643 2.7 30.0 


Sucrose Phosphate Synthesis 


Vol. 235. No. 12 


and dissolved in 300 ml of 0.1 Mu phosphate buffer pH 7.5. The 
enzyme was reprecipitated by the addition of 120 g of solid am- 
monium sulfate, and the precipitate was dissolved in 600 ml of 
0.1 m phosphate buffer pH 7.4. This solution was dialyzed with 
constant stirring against three 4-liter portions of distilled water 
for 12 hours. The dialysate was adjusted to pH 7.4 with 1.0 x 

daO H, and 0.05 u Tris buffer pH 7.4 was added to a final con- 
centration of 0.005 M. The solution was frozen and thawed, and 
the precipitate which formed was discarded. 

After adjusting the protein concentration of the supernatant 
solution to 10 mg per ml, a protamine solution (2 g of protamine 
sulfate in 100 ml of water adjusted to pH 7.4 with 1 n NaOH) was 
added in 1-ml portions. A 10-ml aliquot of the enzyme solution 
was centrifuged after each I- ml addition, and when the superna- 
tant became completely clear, the entire enzyme solution was 
centrifuged and the precipitate discarded. About 2 to 8 ml of 
protamine were required to obtain a clear solution. More pro- 
tamine in 1-ml portions was added to the clear solution. The 
first two additions usually did not cause any further precipitation, 
but with further additions, sucrose phosphate synthetase pre- 
cipitated and was collected by centrifugation as a fine film on the 
side of the centrifuge tubes. The tubes were then washed with 
distilled water to remove supernatant solution, since the prota- 
mine-enzyme complex was not water-soluble. The precipitate 
was dissolved in 10 ml of 0.4 m Tris buffer pH 8.0. Each prota- 
mine fraction was assayed, and those containing sucrose phos- 
phate synthetase were combined. The addition of 6 to 8 ml of 
protamine solution usually precipitated all the sucrose phosphate 
synthetase present. 

The active fractions from the previous step were combined and 
brought to 0.38 of saturation by the addition of a solution of 
ammonium sulfate saturated at 5°. The precipitate was re- 
moved by centrifugation and discarded. The clear supernatant 
fluid was brought to 0.48 of saturation by the addition of more 
saturated ammonium sulfate solution, and the precipitate was 
collected by centrifugation and dissolved in 15 ml of 0.001 1 
Tris buffer pH 7.4. The solution was dialyzed against 4 liters 
of 0.001 m Tris buffer for 1 hour. 

Purification of Sucrose Synthetase—The data in Table I indicate 
that the addition of protamine precipitated only the sucrose 
phosphate-synthesizing enzyme. All the sucrose phosphate syn- 
thetase activity remained in the supernatant solution. This 
solution was brough to 0.7 of saturation by the addition of solid 
ammonium sulfate. The precipitate was collected by centrif- 
ugation, dissolved in 0.005 m Tris buffer pH 7.5, and dialyzed 
against 0.001 m Tris buffer for 8 hours. The turbid dialysate 
was centrifuged, and the precipitate was discarded. The super- 
natant fraction contained all the sucrose-forming enzyme and the 
phosphatases present in crude extracts of wheat germ. A sum- 
mary of the data on the purification of sucrose synthetase is 
presented in Table II. The total activity of sucrose phosphate 
synthetase was always about twice that of sucrose synthetase in 
the crude wheat germ extract. 

Properties of Purified Sucrose Phosphate Synthetase—The puri- 
fied sucrose phosphate synthetase preparation retained approx- 
mately 90% of the original activity after storage for 2 months 
at —10°. The purified enzyme does not produce inorganic 
orthophosphate from fructose-6-P, glucose-6-P, UDP-glucose, 
UDP, or sucrose-6-P. It does not hydrolyze sucrose or sucrose- 
6-P. When fructose-6-P was replaced by fructose or fructose- 
1-P neither sucrose nor sucrose phosphate ester was formed. 


2. 8 


— 


6 
Fig 
glu 


1 

ine 

tra 

K. 

Fi 

res pe 

taine 

3 um 

Curve 

C, 0. 

Cuba 

react 


December 1960 


Proportionality of Enzyme Concentration to Reaction Velocity— 
The activity of the enzyme was linear and proportional to en- 
zyme concentration only during the first 10 to 15 minutes of 
incubation (Fig. 1). The inhibition occurring after 15 minutes 
might have been due to inactivation of the enzyme or inhibition 
by products of the reaction. Therefore, the stability of the 
enzyme on incubation at 37° was studied. The enzyme was 
preincubated for 20 minutes at 37°, and then UDP-glucose and 
fructose-6-P were added. The preincubated enzyme formed the 
same quantity of sucrose-6-P as a control in which preincubation 
was omitted, indicating that the enzyme had not been inacti- 
vated. Therefore, the inhibition was presumably due to accu- 
mulation of the products of the reaction. 

Inhibition by Products—When UDP was added to the incuba- 
tion mixture, the rate of sucrose-6-P formation decreased (Table 
II). However, the addition of sucrose-6-P, the other product 
of the reaction, did not inhibit the enzyme as measured by the 
rate of formation of UDP. In other experiments (not shown) 
UMP and UTP were found to be without influence on the re- 
action. When pyruvate kinase and P-enolpyruvate were added 
to the reaction mixture (Fig. 2, Curve A), in order to remove 
UDP by phosphorylation to UTP, the reaction was almost linear 
for 40 minutes. In the absence of pyruvic kinase (Curve B), 
there was considerable inhibition, presumably the result of the 
accumulation of UDP. 

Fig. 3 illustrates the dependence of the initial velocity upon 
substrate concentration at different levels of UDP. It is evident 
that there is a competitive inhibition by UDP, suggesting that 
UDP and UDP-glucose may be bound to the same site on the 
enzyme. The apparent A; for UDP calculated from the data in 
Fig. 3 is 3.6 X 10-3 M. 

Substrate Affinity Constants—The effect of increasing con- 
centrations of UDP-glucose on the rate of formation of sucrose- 
6-P is shown in Fig. 4. From the Lineweaver-Burke plot (insert, 
Fig. 4) the apparent Michaelis-Menten constant, K., of UDP- 
glucose was calculated to be 7.4 X 10 M. 

The initial rate of formation of sucrose-6-P increased with 
increasing fructose-6-P concentration (Fig. 5), but high concen- 
trations of fructose-6-P inhibited the reaction. The apparent 
K,, for fructose-6-P obtained from a Lineweaver-Burke plot 


0 10 20 30 
TIME (MINUTES) 

Fic. 1. Proportional relation of enzyme concentration with 
respect to time and protein concentration. Each vessel con- 
tained 5 wmoles of Tris buffer pH 7.0, 0.5 ymole of UDP-glucose, 
3 moles of fructose-6-P, and water in a final volume of 0.15 ml. 
Curve A, 0.0045 mg of purified enzyme; Curve B, 0.009 mg; Curve 
C, 0.014 mg. The enzyme was diluted with 0. 1% albumin. In- 
cubation was carried out at 37° for the indicated times. The 
reaction was stopped by the addition of 0.03 ml of 8 N KOH. 
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III 
Inhibition by products of reaction 
The conditions are the same as in Fig. 1 except that UDP or 
sucrose-6-P was added as indicated below. The vessels were in- 
cubated for 15 minutes at 37°. When UDP was added initially, 
the formation of sucrose-6-P was measured, and when sucrose-6-P 
was added, the formation of UDP was measured. 


Sucrose-6-P added | Sucrose-6-P 
initially | | 
pmoles pmoles pmoles pmoles 
0 0.6 0 0.7 
0.1 0.4 0.1 0.7 
0.25 0.3 0.15 0.7 
0.5 0.15 0.3 0.7 
0 A 
a 
30.3. 
0 5 * 20 70 
TIME (MINUTES) 


Fig. 2. Effect of adding pyruvic kinase and UDP to the reac- 
tion mixture. The conditions are the same as in Fig. 1 except 
that 0.32 umole of UDP and 0.009 mg of purified enzyme were 
added to each vessel. In addition, each vessel in Curve A con- 
tained 1 unit of pyruvic kinase, 2 umoles of MgCl:, 0.6 umole of 
10 wmoles of KCl. The final volume was 
0.15 ml. 
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Fic. 3. The dependence of the initial velocity of sucrose phos- 
phate synthetase upon UDP-glucose concentration at different 
UDP concentrations. The reaction mixtures (0.15 ml, contained 
0.009 mg of sucrose phosphate synthetase, 20 umoles of Tris buffer 
pH 7.0, 1.5 moles of fructose-6-P, and the amounts of UDP-glu- 
cose shown in the figure. Curve B, 0.45 umole of UDP; C, Curve 
0.9 umole of UDP; Curve D, 1.35 wmoles of UDP. 


(insert, Fig. 5) was 3.0 X 10-* M. This value agrees well with 
that obtained by Leloir and Cardini (1) for fructose-6-P. 
Stoichiometry and Equilibrium Studies—One mole of UDP was 
formed for every mole of sucrose-6-P synthesized (Table IV). 
Moreover, the equilibrium of the reaction under these conditions 
lies far toward UDP and sucrose-6-P, since the conversion of 
UDP-glucose to UDP is practically complete in 30 minutes. 
Thus 0.29 umole of UDP was formed from 0.3 umole of UDP- 
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) : 1.0 2.0 

MICROMOLES UDP-GLUCOSE 

Fic. 4. The dependence of the initial velocity of sucrose phos- 
phate synthetase upon UDP-glucose concentration. Each vessel 
contained 5 ymoles of Tris buffer pH 7.4, 3 amoles of fructose-6-P, 
2 uwmoles of MgCl:, 4 umoles of P-enolpyruvate, 10 wmoles of KCl, 
1 unit of pyruvic kinase, 0.009 mg of purified enzyme, and the 
concentrations of UDP-glucose indicated in a volume of 0.15 ml. 
The vessels were incubated for 15 minutes at 37°. 
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Fic. 5. The dependence of the initial velocity of sucrose phos- 
phate synthetase upon fructose-6-P concentration. The reaction 
mixture contained 5 moles of Tris buffer pH 7.4, 2.5 wmoles of 
UDP-glucose, 0.009 mg of purified enzyme, and a mixture of fruc- 
tose-6-P and glucose-6-P previously equilibrated by hexose isom- 
erase in a total volume of 0.15 ml. The equilibrated mixture was 
prepared by incubating 60 uwmoles of glucose-6-P and 30 moles of 
fructose-6-P with hexose isomerase. When the concentration of 
fructose-6-P became constant, the mixture was heated for 1 min- 
ute at 100°. This solution was used as the source of fructose-6-P 
in the experiments shown. 


TaBLe IV 
Stoichiometry and extent of forward reaction 
Each vessel contained 5 umoles of Tris buffer pH 7.4, 0.3 umole 
of UDP-glucose, 1 umole of fructose-6-P, and 0.0288 mg of purified 
enzyme in a total volume of 0.15ml. The vessels were incubated 
for the indicated time at 38°. 


Time of incubation UDP formed Sucrose-6-P formed 
min pmoles pmoles 
0 0 0 
10 0.25 0.25 
30 0.28 0.29 


amount of UDP-glucose remaining would be subject to large 
errors, the equilibrium constant of the reaction was studied in 
the reverse direction (formation of UDP-glucose and fructose- 
6-P). Radioactive sucrose-6-P was used, so that the formation 
of very small amounts of fructose-6-P could be detected. 

The reaction mixtures contained in a total volume of 0.6 ml, 
3 umoles of UDP, 1.8 wmoles of sucrose-6-P (1.45 X 10 c.p.m. 
per umole) and 0.05 mg of purified sucrose phosphate synthetase. 
In addition, 20 ꝝmoles of Tris buffer at pH 7.5 or acetate buffer 
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at pH 5.5 were added. The vessels were incubated for 2 hours 
at 38°. The reaction was terminated by the addition of alkali, 
and 10 umoles of fructose-6-P were added. The fructose-6-P 
was then isolated by the method of Khym and Cohn (9). The 
amount of fructose-6-P formed from sucrose-6-P was calculated 
by dividing the total number of counts in the isolated fructose- 
6-P by the specific activity of the sucrose-6-P added. For each 
mole of fructose-6-P formed, 1 mole of UDP-glucose is also 
formed. The UDP-glucose concentration was therefore con- 
sidered to be equal to the concentration of fructose-6-P at equi- 
librium. The value for sucrose-6-P at equilibrium was obtained 
by subtracting the amount of fructose-6-P formed from the 
amount of sucrose-6-P added. The amount of UDP present at 
equilibrium was likewise obtained by subtracting the amount of 
fructose-6-P formed from the amount of UDP added. 

Control vessels incubated for 3 hours showed no additional 
formation of fructose-6-P, an indication that equilibrium had 
been reached in 2 hours. Addition of more enzyme after 2 hours 
and further incubation also failed to increase the amount of 
fructose-6-P formed. In order to detect any breakdown of 
sucrose-6-P to fructose-6-P and free glucose, a control from which 
UDP was omitted was included in each experiment. Very little 
radioactivity was isolated in fructose-6-P when UDP was omitted 
from the incubation mixture. 

The apparent equilibrium constant was determined at pH 7.5 
and pH 5.5 with UDP and sucrose-6-P as substrates. The fruc- 
tose-6-P concentration at equilibrium was 4.67 X 10-‘ M at pH 
7.5, and 6.7 < 10-5 M at pH 5.5. These are average values 
taken from several experiments. The apparent equilibrium 
constant calculated from the data in Table V was determined 
with the use of the following equation: K., = (UDP) (sucrose- 
6-P)/(UDP-glucose) (fructose-6-P), where the concentrations 
are expressed as total concentrations of all molecular species. 
The average value of K. , is 53 at pH 5.5 and 3250 at pH 7.5. 

The reaction catalyzed by sucrose phosphate synthetase may 
be written as follows: UDP glucose + fructose-6-P-* = UDP~* 
+ sucrose-P-* + H+. It is apparent that hydrogen ions partic- 
ipate in the reaction and therefore, that the pH should affect the 
final equilibrium. Thus a shift of 2 pH units (which is equivalent 
to a 100-fold change in the H“ concentration) altered the value 
for the equilibrium constant of the sucrose phosphate synthetase 
reaction by about 60-fold. 

Sucrose 6-Phosphatase in Wheat Germ The sucrose synthetase 
preparation (Table II) contains an enzyme which will dephos- 
phorylate sucrose-6-P and fructose-6-P. A mixture of 5 umoles 
of Tris buffer pH 7.4, 0.55 mg of enzyme, and 2 umoles of sucrose- 


TABLE V 
Equilibrium constant of sucrose phosphate synthetase 
Each vessel contained initially 3 zmoles of UDP, 1.8 wmoles of 
sucrose-6-P, 20 umoles of Tris or acetate buffer at pH 7.5 and 5.5, 
respectively, and 0.018 mg of purified sucrose phosphate synthe- 
tase in a total volume of 0.6 ml. The reaction mixtures were 
incubated at 38° for 2 hours. 


Kapp 
pH UDP 6-P 6-P 
7.5 4.93 0.067 2.93 0.067 3250 
5.5 4.53 0.467 2.53 0.467 53 
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6-P or fructose-6-P in a final volume of 0.3 ml was incubated at 

37°. Inorganic phosphate was liberated from sucrose-6-P at the 

rate of 0.02 umole per minute per mg of enzyme. With fructose- 

6-P, the rate was 0.008 umole per minute per mg of enzyme. 

‘The addition of magnesium did not enhance the activity of this 
tase. 

Synthesis of Sucrose-6-P in Green Leaves—The synthesis of 
sucrose-1-P and sucrose from UDP-glucose and fructose-1-P had 
been suggested subsequent to the isolation of a sucrose phosphate 
ester from sugar beet leaves (19). It has not been possible to 
show the formation of sucrose or sucrose phosphate esters in 
green leaf homogenates because of the presence of interfering 
enzymes (phosphatase and sucrase). However, a partially 
formation of sucrose and sucrose-6-P (Table VI. 

The purification was carried out as follows. Spinach or lettuce 
leaf (800 g) was homogenized in a Waring Blendor with 100 g of 
chopped ice and 3 ml of 0.5 M Tris buffer pH 8.0 for 15 minutes. 
The homogenate was passed through cheesecloth and then cen- 
trifuged at 10,000 X g for 5 minutes, yielding 650 ml of turbid 
solution. The extract was treated with 40 ml of 2% protamine 
sulfate solution. The suspension was centrifuged, and the 
supernatant solution discarded. The precipitate was resus- 
pended in 80 ml of cold distilled water and centrifuged. This 
procedure was repeated twice, and the final precipitate was 
dissolved in 5 ml of 0.2 M Tris buffer pH 7.4. 

This partially purified enzyme preparation, which is free of 
sucrase and phosphatase, forms a sucrose phosphate ester and 
sucrose from fructose-6-P and fructose, respectively, but does not 
form a disaccharide from fructose-1-P (Table VI). Moreover, 
the rate of formation of the sucrose phosphate ester from fruc- 
tose-6-P is 4 times the rate of formation of free sucrose from fruc- 
tose. 

In order to identify the sucrose phosphate ester formed with 
fructose-6-P as substrate, a reaction mixture was prepared by 
mixing 70 umoles of UDP-glucose, 150 umoles of fructose-6-P, 
60 umoles of P-enolpyruvate, 200 umoles of KCl, 20 umoles of 
MgCl, 10 units of pyruvic kinase, and 2.5 ml of the partially 
purified enzyme from green leaves in a total volume of 7.5 ml. 
The solution was incubated at 37° for 10 minutes, deproteinized 
by heating at 100° for 3 minutes, and centrifuged. About 25 
umoles of sucrose-6-P were formed and were isolated as described 
by Leloir and Cardini (1). The over-all yield was 20%, on the 
basis of UDP-glucose. The sucrose to phosphate ratio was 0.9. 
The product had no reducing power or ultraviolet absorption at 
260 mu and was stable to alkali. The fructose content estimated 
by the resorcinol method did not change after heating for 10 min- 
utes in 0.2 N alkali, and there was no liberation in organic phos- 
phate when the product was heated in 0.2 n NaOH for 10 min- 
utes. The product did not reduce triphosphopyridine nucleotide 
when incubated with glucose-6-P dehydrogenase containing 
isomerase, but did reduce it after hydrolysis in 0.1 N acid for 5 
minutes at 100°. Mild acid hydrolysis of the product in 1.0 & 
acid for 5 minutes yielded glucose and a fructose phosphate 
ester. Treatment of the isolated product with intestinal phos- 
phatase or with wheat germ phosphatase resulted in a substance 
with migration characteristics identical to those of sucrose on 
paper chromatography in two solvents. Hydrolysis of the de- 
phosphorylated compound with acid yielded substances mi- 
grating at the same rates as glucose and fructose. These results 
indicate that the phosphate ester formed in green leaves is su- 
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Tant VI 


Formation of sucrose 6-phosphate by enzymes from spinach leaves 

Each vessel contained 5 umoles of Tris buffer pH 7.0, 1 umole of 
UDP-glucose, 3 umoles of each substrate indicated above, 2 
umoles of MgCls, 10 moles of KCI, 0.4 umole of P-enolpyruvate, 
1 unit of pyruvic kinase, and 0.01 mg of the partially purified 
enzyme from spinach leaves. 


Substrate Time Sucrose of sucrose-6-P 

min pmoles 
Fructose-6-P.............. 15 0.20 
Fructose-6-P.............. 30 0.35 
Fructose-1-P.............. 15 0.02 
Fructose-1-P.............. 30 0.02 
15 0.05 
Fructose.................. 30 0.10 


crose with a phosphate group attached to position 6 of the 
fructose moiety. 


Infusion studies on green leaves (20) have shown that both the 
glucose and fructose moieties of sucrose formed from labeled 
hexoses were about equally labeled, but the free hexoses other 
than those fed were much less active. Other experiments carried 
out in the presence of CO, have shown that sucrose was the 
first free sugar formed (21). These experiments suggested that 
only phosphorylated derivatives of hexoses were involved in su- 
crose synthesis. 

However, two enzymes can be isolated from wheat germ which 
catalyze the formation of sucrose, either directly from fructose 
and UDP-glucose or indirectly from fructose-6-P and UDP- 
glucose. The sucrose phosphate formed by the second enzyme 
is converted to sucrose and inorganic phosphate by a specific 
phosphatase also present in wheat germ. The data derived 
from infusion experiments discussed above indicate that only 
fructose-6-P, arising from phosphorylated photosynthetic inter- 
mediates, acts as an acceptor of the glucosyl moiety of UDP- 
glucose, since free fructose was not labeled. Several lines of 
evidence would seem to support this postulation. The activity 
of sucrose phosphate synthetase is greater than the activity of 
sucrose synthetase in the crude extract of wheat germ and in the 
partially purified preparation from green leaves. The concen- 
tration of sucrose in plants is much higher than the concentration 
of sucrose phosphate, perhaps because of the presence of a specific 
phosphatase. Moreover, the equilibrium constant of sucrose 
phosphate synthetase is 3250 at pH 7.5, compared to 8 for the 
sucrose synthetase at pH 7.4 (1). Thus it would appear that 
although both enzymes favor the synthesis of disaccharides, the 
sucrose phosphate synthetase reaction coupled with dephos- 
phorylation of sucrose-6-P by a phosphatase could be the main 
pathway for sucrose synthesis in the plant. The sucrose syn- 
thetase enzyme may provide a mechanism for forming UDP- 
glucose and fructose when the concentration of UDP increases. 

It is possible that there are additional reactions in plants which 
utilize sucrose-6-P. The presence in many plants of sucrose- 
containing trisaccharides (22) suggests the possibility that an- 
other condensation of a uridine diphosphate sugar with sucrose- 
6-P may occur. This reaction, coupled with dephosphorylation, 
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may be a possible pathway for the synthesis of these trisaccha- 
rides. 


1. The enzyme sucrose phosphate synthetase has been purified 
220-fold from wheat germ homogenates. It has been completely 
freed from sucrose synthetase, wheat germ phosphatase, and 
sucrase. 

2. The properties of the purified enzyme are reported. The 
K.. for fructose 6-phosphate is 3.0 x 10-?m. The K., for urine 
diphosphate glucose is 7.4 X 10¹ m. Uridine diphosphate and 
high concentrations of fructose 6-phosphate were inhibitory. 
The K. for uridine diphosphate is 3.6 x 10-3 M. The apparent 
equilibrium constants of the reaction at pH 5.5 and pH 7.5 are 
53 and 3250, respectively. 

3. A preparative procedure for the synthesis of sucrose 6-phos- 
phate in good yield is described. 

4. A phosphatase for sucrose 6-phosphate was shown to be 
present in a partially purified enzyme preparation from wheat 
germ. 

5. The synthesis of sucrose 6-phosphate by a partially purified 
enzyme preparation from spinach leaves is described. 
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During the course of investigations on riboflavin 5’-phosphate 
and flavin adenine dinucleotide-hydrolyzing enzymes in green 
gram (Phaseolus radiatus), we observed that crude extracts pos- 
sessed high phosphatase activity against a variety of phosphoryl- 
ated compounds. Despite intensive studies on the animal 
phosphatases, plant phosphatases have received very little at- 
tention. 

Pfankuch (1) purified phosphatase from potato and sugar beet 
by alcohol precipitation. Later Giri (2) obtained highly active 
preparations of phosphatase from soya bean (Glycine hispida). 
A nonspecific phosphomonoesterase has been reported in green 
gram by Giri (3); later Ramanarayanan and Giri (unpublished 
observations) made a detailed study of the effect of molybdenum 
on the acid g̃-glycerophosphatase and inorganic pyrophosphatase 
of green gram. 

Previous attempts by several workers to demonstrate the 
presence of an alkaline glycerophosphatase in plants have not 
been successful. Naganna et al. (4, 5) have reported a mag- 
nesium-activated alkaline pyrophosphatase in potato. Racker 
and Schroeder (6) demonstrated the occurrence of a specific 
fructose diphosphatase with maximal activity at pH 8.5. This 
paper describes a method of partial purification of an alkaline 
B-glycerophosphatase of green gram which is activated by ferric 
ion, and also some of its general properties. 

EXPERIMENTAL PROCEDURE 
Materials 

Sodium 8-glycerophosphate was a product of the British Drug 
Houses, Ltd. All the amino acids used were products of the 
Nutritional Biochemicals Corporation, and the salts used were 
of analytical reagent grade. p-Chloromercuribenzoate was a 
product of Light Chemicals obtained as a gift from Dr. T. 


Ramakrishnan. Green gram seeds were obtained from the local 
market. 


Methods 


Enzyme Assay—The reaction mixtures, unless otherwise stated, 
contained 10 wmoles per ml of Veronal-acetate buffer pH 8.5; 
20 umoles per ml of sodium g- glycerophosphate; 2.9 umoles per 
ml of ferric sulfate; and 0.5 ml of enzyme in a total volume of 
2.5 ml. After temperature equilibration the reaction was started 
by the addition of the enzyme. The reaction mixture was in- 


* Synonymous with mung bean.“ 
t This work was supported by grants from the Council of 
Scientific and Industrial Research, India. 


cubated at 49° for 15 minutes and the reaction stopped by the 
addition of 1.0 ml of 20% trichloroacetic acid. The mixture 
was centrifuged at 2500 X g for 10 minutes, and 1.0-ml aliquots 
were used for phosphate estimation by the method of Fiske and 
SubbaRow (7). One unit of enzyme activity is defined as ug 
of P; liberated in 2.5 ml of the reaction mixture in 15 minutes 
and at 49°. Protein was estimated by the biuret method (8). 
Purification of Enzyme A total of 20 g of freshly powdered 
green gram seeds (passing 40 mesh) was extracted with 200 ml 
of water for 6 hours in the cold (040 and centrifuged at 4000 
g for 15 minutes. The extract (Step 1, Table I) was dialyzed 
against water in the cold for 18 hours with repeated changes of 
water, and the precipitate obtained on centrifugation at 4000 x g 
for 15 minutes was rejected. The supernatant was fractionated 
by the addition of solid ammonium sulfate; the precipitate ap- 
pearing between 0.40 and 0.55 saturation was dissolved in 25 
ml of water and dialyzed free of ammonium sulfate in the cold. 
The dialyzed extract was centrifuged at 4000 x g for 20 minutes 
and made up to 50.0 ml (Step 2). To the supernatant was 
added 5.0 ml of 0.02 M acetic acid in the cold, and the precipitate 
obtained on centrifugation at 4000 x g for 10 minutes was re- 
jected. The supernatant was dialyzed against water in the cold 
for 18 hours, and the clear dialyzed extract was used as the en- 
zyme (Step 3). An 80-fold purification with 81% recovery was 
achieved, and this partially purified enzyme was used in all fur- 
ther investigations. 


p- Optima The effect of pH on the activity of the crude 
extract with and without Fe“ is shown in Fig. 1A and of the 
purified enzyme in Fig. 1B. In the absence of Fe“, the extract 
was active only at acid pH, with a maximum at pH 4.3. In the 
presence of Fe“, however, the acid phosphatase activity was 
inhibited and a new peak at pH 7.65 appeared. In the case of 
the purified enzyme, acid phosphatase activity remained un- 
affected in the presence of Fe, and the optimal pH of the 
alkaline phosphatase was shifted to 8.5. Trischydroxymethyl)- 
aminomethane chloride, glyeine- NaOH, boric acid-borax, and 
Veronal-acetate buffers were tried in the alkaline range in the 
presence of Fe“ . It was found that Veronal-acetate was the 
best buffer, as maximal activity was obtained in it and there was 
no change in pH optimum. 

Substrate Specificity—The substrate specificity of the purified 
enzyme is given in Table II. The preparation was found to 
catalyze the hydrolysis of 8-glycerophosphate, inorganic pyro- 
phosphate, hexametaphosphate, ATP, 3’-AMP, 5’-AMP, ribo- 
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flavin 5’-phosphate, and glucose 1-phosphate at pH 5.0 in the 
absence of metal ion. The rate of hydrolysis of these substrates 
was, however, low. In the presence of Fe“ ““ all these activities 
were inhibited. The alkaline Fe“ requiring phosphatase 
showed an absolute specificity for sodium glycerophosphate. 
In the presence of Mg**, there was no activity against B-glycero- 
phosphate but sodium pyrophosphate, glucose 6-phosphate, hex- 
ose 1,6-diphosphate, fructose 6-phosphate, 5’-AMP, 3’-AMP, 
and ATP were hydrolyzed. 

Influence of Temperature—The effect of temperature on the 
rate of hydrolysis was examined over the range 20 to 100°. The 
temperatures (Fig. 2). 

Effect of Substrate Concentration—The Michaelis-Menten con- 
stant, K., was calculated from Lineweaver-Burk plots to be 
6.25 wmoles per ml, and the optimal substrate concentration was 
17.5 umoles per ml at a ferric ion concentration of 2.9 umoles 
per ml. 

Effect of Ferric Ion Concentration The effect of Fe“ con- 


Taste I 
Purification of Fe+++-requiring alkaline B-glycerophosphatase* 
vity 
ml mg nit: % 
r 180 3840 15,750 4 
2. (NH.) S0, fractionation...... 50 330 13,500 41 | 86 
3. Supernatant from acetic acid 
D 55 10 12,810 | 320 81 
* With the use of 20 g of powdered seeds. 
t For details of steps, see text. 
Taste II 
Substrate specificity 


Standard assay with 0.18 mg of enzyme protein and the indi- 
cated concentrations of substrate. Activity expressed in units. 


pH 5.0 


Glucose 6-phosphate (6)....... 
Fructose 6-phosphate (6)...... 
Glucose 1,6-diphosphate (6)... 


Glucose 1-phosphate (6)....... 
. 19 | Nil | 3 15 
r 12 | Nil | Nil 14 


Concentration (in amoles per ml) given in parentheses. 
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Fig. 1. Effect of pH on Phaseolus radiatus phosphatase: A, 
crude extract (10.6 mg of protein) and B, partially purified en- 
zyme (0.18 mg of protein). Conditions of standard assay except 
for pH. Ten zmoles of Veronal-acetate-HCl buffer per ml were 
used. Sumbols: O——O, in the absence of Fer; @——@, in 


the presence of Fe***. 


centration is depicted in Fig. 3. It is clear that it was a critical 
factor. The optimal concentration was 2.9 umoles per ml, higher 


concentrations being inhibitory. 


Effect of Various Substances—The effect of various substances 
is presented in Table III. There was no activity at pH 8.5, in 
the absence of Fe“, but in its presence, heavy metal ions like 
Mn“, Cut+, Zn**, and Fe*++, were highly inhibitory. Mg“, 
which is a known activator of the alkaline phosphatase of animal 
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tissues, was slightly inhibitory. The well known sulfhydryl in- for 
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Substrate“ In ence of 
absence | ence ence of 1 
ions | re | jons | ole / B 
| | ml) 
| unils | unit: 
Sodium -glycerophosphate 
Sodium pyrophosphate (0) 61 | 56 | Nil | Nil | 83 —— 
Sodium bexametaphosphate | 
Riboflavin 5’-phosphate.......| 14 | 7 | Nil | Nil | Nil | 
| Nil | Nil | Nil | Nil | 22 
Nil | Nil) 7 | Nil | 19 


hibitors, p-chloromercuribenzoate and iodoacetate, were without 
effect. 

The effect of sodium molybdate and sodium tungstate on acid 
and alkaline 8-glycerophosphatase activity was studied at the 
levels listed in Table IV. Alkaline phosphatase was more re- 
sistant to the action of molybdate and tungstate than acid phos- 

Activation by Amino Acids—A characteristic property of al- 
kaline phosphatase of animal origin is the marked activation by 
amino acids (9-12). It was therefore desirable to test the effect 
of amino acids on the plant alkaline 8-glycerophosphatase both 
in the presence and absence of Fe“. The results are presented 


in Table V. It may be seen that in the absence of Fe“, the 
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. Fic. 3. Effect of Fe*** concentration. Standard assay, except 
yl in- for Fe“, with 0.18 mg of enzyme protein. 
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Tant III 


Effect of various substances on alkaline 8-glycerophosphatase 
Conditions of standard assay with 0.18 mg of enzyme protein 
and 10 moles per ml of each compound tested. 


2288388888288 


Tasie IV 


Effect of molybdate and tungstate on alkaline 8-glycerophosphatase 
Conditions of standard assay with 0.18 mg of enzyme protein. 


Inhibition 
Concentration Sodium molybdate Sodium tungstate 
pH 5.0 pH 8.6 pH 5.0 pH 8.6 
pmoles/mi % % 
1.0 98 85 100 94 
0.1 94 67 98 75 
0.01 82 25 91 55 
0.001 42 14 75 30 
V 


Effect of various amino acids on alkaline g; l ycerophospkatase 
Conditions of standard assay with 0.18 mg of enzyme protein 


and 10 wmoles of amino acid per ml. 


Amino acid | 

% 
+8 Nil 
+18 Nil 
pL-a-Aminobutyric acid............... +14 Nil 
pi-§-Aminobutyric acid............... 0 Nil 
pi-y-Aminobutyric acid............... 0 Nil 
pu-Aspartic acid...................... 0 33 
u-Glutamic acid...................... 0 Nil 
—31 56 
0 Nil 
bl-Methio nine 0 Nil 
+80 24 


December 1960 2 — 3355 
Substance | Inhibition 
Manganese sulfa te. 
Copper sul fate 
Magnesium sulfate............ 
Cobalt acetate................, 
Mercurie chloride. 
Zine sulfate...................| 
Sodium fluoride............... 
Ferrous sulfate................| 
Potassium dichromate 
Potassium permanganate 
p-Chloromercuribenzoate..... 
Iodoacet ate. 
* Symbols: (+) = activation; (—) = inhibition. 
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enzyme was activated by aspartic acid, histidine, cysteine, and 
glutathione. The other amino acids tried were without effect. 
In the presence of Fe“, however, the pattern of amino acid 
activation was entirely different. Whereas a-alanine, B- alanine, 
a-aminobutyric acid, glutathione, and cysteine showed low but 
definite activation, aspartic acid showed no activation, and 
cystine and, surprisingly enough, histidine were inhibitory. 


An alkaline 6-glycerophosphatase activity as reported here 
had not previously been observed in plants. The optimal pH 
of the green gram enzyme (8.5 in the presence of 2.9 umoles per 
ml of Fe) is similar to that of bone alkaline phosphatase 
which has an optimal range of 8.6 to 9.0. Our enzyme is not 
identical with the plant alkaline pyrophosphatase of Naganna 
et al. (4, 5) because it is completely inactive against pyrophos- 
phate in the presence of Fe***, and Mg“ has no activating 
effect. 

Williams and Watson (13) showed that sulfhydryl groups were 
not involved in bone phosphatase activity. In the case of the 
green gram enzyme, —SH reagents, like p-chloromercuribenzoate 
and iodoacetate, were also without effect. Iodine, permanga- 
nate, and heavy metal ions were, however, inhibitory. The 
inactivation of the enzyme by strong oxidants can be explained 
as the result of the oxidation of the constituent amino acids 
such as tyrosine in the enzyme molecule (14). 

It should be noted that Mg which activates the animal 
alkaline phosphatase and plant alkaline pyrophosphatase was 
completely inactive in our system. The enzyme displayed a 
high degree of specificity both with regard to the substrate in 
the alkaline range and to the requirement for Fe. The dif- 
ference in susceptibility to molybdate and tungstate of the acid 
and alkaline phosphatase activities of green gram is quite striking 
and is in agreement with the results obtained by Naganna et al. 
(4) with the acid and alkaline pyrophosphatase of potato. 

Our results on activation by amino acids are anomalous. No 
definite conclusions could be drawn as to the effect of chain 
length and number of carboxyl groups. §-Alanine was more 


effective than a-alanine, but, whereas a-aminobutyric acid 
showed an activating effect, G- and y-aminobutyric acids were 
completely inactive. The activating effect of histidine and as- 
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partic acid in the absence of Fe. is remarkable and may be due 
to the removal of inhibitory metal ions by chelation. 

The present findings stress the importance of metal ions like 
Fe*** in plant metabolism and also emphasize the need for using 
a variety of experimental conditions when looking for the pres- 
ence of a particular enzyme in biological systems. 


SUMMARY 


The occurrence of an alkaline 8-glycerophosphatase has been 
observed for the first time in plants. This enzyme is activated 
by ferric ions. Partial purification of the enzyme from extracts 
of green gram seeds (Phaseolus radiatus) has been achieved by 
ammonium sulfate fractionation and acid precipitation. The 
enzyme functioned optimally at a pH of 8.5, at 49°, and at a 
ferric ion concentration of 2.9 wmoles per ml. The Michaelis- 
Menten constant, K., was found to be 6.25 ywmoles per ml. 
Heavy metal ions were inhibitory. In the absence of Fe***, the 
enzyme was activated by aspartic acid, histidine, cysteine, and 
glutathione. p-Chloromercuribenzoate and iodoacetate were 
without effect. In the presence of Fe“ the enzyme was 


highly specific for 8-glycerophosphate. 
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In the metabolism of glucose, to judge by data obtained 
through the use of specifically labeled substrates, the carbon 
skeleton of ribose can arise by oxidative decarboxylation and 
by the nonoxidative transformations of the transketolase-trans- 
aldolase pathway. Thus, Lanning and Cohen (1) and Bernstein 
(2) described ribose formation in glucose-grown Escherichia coli 
as the result of the decarboxylation of a hexose at carbon 1. 
Ribose synthesis in Torula utilis is thought to proceed by a 
similar path (3, 4. Marks and Feigelson (5), in studying ribose 
formation from glucose in fasted rats, obtained data which sug- 
gested a participation of the transketolase-transaldolase pathway 
in addition to the oxidative decarboxylation of glucose. 

When small molecules, such as acetate, serve as carbon source, 
isotope data have at times been interpreted to mean that pentoses 
are formed by the condensation of 2- and 3-carbon compounds. 
Bernstein (6) isolated ribose and glucose from chicks fed acetate- 
1-C" and concluded that the condensation of 2- and 3-carbon 
compounds could account for ribose synthesis. The combined 
action of transketolase and transaldolase has since been of- 
fered as an explanation of his data (7). When E. coli was incu- 
bated with lactate-1-C™, the distribution of radioactivity in the 
ribose differed from that in the ribose isolated from E. colt 
fed on glucose-1-C™ (8). The data suggested to the authors 
that ribose is synthesized from 2- and 3-carbon compounds. On 
the other hand, Bagatell et al. (9) concluded from experiments 
with acetate-1-C™ that in E. coli pentose is formed by the decar- 
boxylation of hexose at carbon 1 and by the reactions of the 
transketolase-transaldolase pathway. 

Alcaligenes faecalis is not known to grow on carbohydrates. 
Since it can be adapted to grow on acetate as sole carbon source, 
it is a suitable organism for the study of sugar synthesis from 
acetate. When whole cells were hydrolyzed with alkali or acid, 
only pentose-reacting material (by the orcinol test) was detected. 
Furthermore, an analysis of cell material by barium and alcohol 
precipitation did not reveal sugar phosphates in more than trace 
amounts. The pentose-reacting material, which seemed to be 
the major sugar component of the cells, was extracted from the 
cells as ribonucleic acid, purified as the free sugar, and identified 
as ribose (10). 


* This research was supported in part by research grants from 
the National Science Foundation, the United States Public Health 
Service, and the Yale University Medical Fluid Research Fund. 
f Predoctoral Fellow of the United States Public Health Serv- 
ice, 1955-1958. Postdoctoral Fellow of The National Foundation, 
1958-1959. A part of this work is taken from a thesis submitted 
to Yale University in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy. Present address, Depart- 
ment of Biochemistry, Vale University, New Haven, Connecticut. 


This paper describes, primarily, a study of the incorporation 
of acetate into the ribose of ribonucleic acid in whole cells of 
A. faecalis. The data suggest that the condensation of 2- and 
3-carbon compounds takes place. Although a number of en- 
zymes of the glycolytic and oxidative hexose monophosphate 
pathways have been detected, the isotope data obtained cannot 
be completely explained in terms of these activities. 

EXPERIMENTAL PROCEDURE 

Materials Phosphorylated intermediates were obtained from 
Schwarz Laboratories, Inc. Coenzymes were purchased from 
Pabst Laboratories and Sigma Chemical Company. Sodium 
glyoxylate was made available through the generosity of Dr. 
Israel Zelitch. The partially purified enzymes used in the assays 
were gifts from Dr. Irwin A. Rose and Dr. Sidney V. Rieder. 
Carbon"*-labeled acetate was obtained from Volk Radio Chemical 
Company, Tracerlab, Inc., and New England Nuclear Corpora- 
tion. 

Growth of Cells and Preparation of Crude Extracts— Alcaligenes 
faecalis (ATCC #8750) was grown as previously described (11). 
For manometric studies and for the preparation of extracts, cul- 
tures were grown for 18 hours; but for experiments on ribose 
synthesis, they were harvested after 12 hours of growth. After 
harvesting, the cells were washed with 0.001 M EDTA; pH 7.6, 
and resuspended either in 0.001 M EDTA, pH 7.6, or in 0.05 1 
potassium phosphate buffer, pH 7.5. Cell extracts were prepared 
either by sonic disruption for 15 minutes in a 10-ke. Raytheon 
sonic oscillator, by crushing in a Hughes Press (12), or by grind- 
ing with alumina (Aleoa A-301). The crude extracts were 
centrifuged at 20,000 x g at 0° for 30 minutes. The supernatant 
fluids, containing between 10 and 20 mg of protein per ml of 
extract, were used for enzymatic studies. Unless indicated 
otherwise, enzyme assays were performed with extracts prepared 
by sonic disruption. 

Assay of Enzymes—The following enzymes were assayed by 
published procedures: succinic dehydrogenase (13), malic de- 
hydrogenase (14), fumarase (15), acetate activating enzymes 
(16), P-enolpyruvic carboxylase (17), malie enzyme (18), glycer- 
aldehyde-3-P dehydrogenase (19), triose-P isomerase (20), al- 
dolase (21), glucose-6-P dehydrogenase (22), 6 P-gluconic de- 
hydrogenase (23). The product of acetate activation was 
converted to acethydroxamic acid and identified by paper 
chromatography (24), and the product of aldolase activity with 
glyceraldehyde-3-P and dihydroxyacetone-P as substrates was 
detected as ketohexose (25). To test for the oxidation of tri- 


The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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carboxylic acid cycle intermediates, 2 ml of cell suspension (32 
mg dry weight) were incubated with 10 umoles of substrate in 
Warburg vessels at 30° in air with 0.2 ml of 5 n KOH in the cen- 
ter well. a-Ketoglutarate dehydrogenase activity was tested by 
oxygen uptake in a Warburg vessel with 10 umoles of substrate, 
1 zmole of ATP, 1 umole of MnCl, 2 umoles of MgSQ,, 0.1 
pmole of CoA, and 0.3 umole of DPN. 

Malate synthetase was assayed with an extract prepared in 
the Hughes Press. The reaction system described by Kornberg 
(26) was used. The reaction mixture was brought to pH 2, 
subjected to continuous ether extraction for 72 hours, and the 
material in the ether phase was on paper in 
two solvents (ether-acetic acid-water 13:3:1; and ethyl ace- 
tate-acetic acid-water, 3: 1: 1). Radioautograms were prepared. 
The assay for isocitritase was coupled to malate synthetase with 
200 umoles of trisodium isocitrate as a source of glyoxylate, and 
the malate formed was determined as in the assay of malate 
synthetase. 

The assay system for enolase contained 2 umoles of MgCls, 
100 umoles of glycylglycine, pH 7.5, 10 wmoles of 3 P-glyceric 
acid, and enzyme. After incubation for 15 minutes at 37°, 
P-enolpyruvate was determined (27). Since P-enolpyruvate was 
formed from 3 P-glyceric acid, it is assumed that phosphoglyc- 
eromutase was present in the extract. Phosphoglycerate kinase 
was assayed (28) by coupling with the TPN-linked glyceralde- 
hyde-3-P dehydrogenase in the extract (11). 

Fructose 1,6-diphosphatase was assayed with 5 umoles of 
fructose-1 ,6-di-P, 40 ymoles of glycine, pH 9.5, 10 umoles of 


. To assay for transketolase, transaldolase, xylulose- 
5-P 3’-epimerase, and ribose-5-P isomerase, the extract was in- 
cubated in 100% CO, with 2.5 mmoles of NaHCOs, 100 umoles 
of MgCl:, and 1 mmole of fructose-1 ,6-di-P or ribose-5-P for 2 
hours. The reaction was stopped with 5% acetic acid and the 
mixture was centrifuged. The material was chromatographed 
on Dowex 1-formate and eluted with 0.2 n HCOOH containing 
0.01 M NH, COOH. The eluted fractions were tested with orcinol 
(30) and cysteine carbazole (31) reagents. 

To test for the formation of pentose by a 2-carbon plus 3- 
carbon condensation, the extract was incubated with a number 
of substrates in an assay system described by Heath (32). The 
enzymes catalyzing the formation of arabinose from a-ketoglu- 
tarate were assayed according to Weimberg (33). 

Isolation of Ribose—Bernstein’s procedure (2) for the isolation 
of ribose from the nucleic acid fraction of the cell residue was 
modified to suit the needs of the present experiments. Carrier 
nucleic acid (containing 33 umoles of pentose) from unlabeled 
cells was added to each of the experimental samples after NaCl 
extraction. The material was treated, as described by Bernstein, 
through the acid hydrolysis step. The subsequent purification 
of the ribose was accomplished by deionization on columns of 
Dowex 50 (H“) and IR-4B (OH-) or of MB-3 (before use, the 
IR-4B was washed successively with 2 n NaOH, water, 2 * 
HCl, water, 2 n NaOH, and water). The volume of the effluent 
was reduced to about 1 ml in a vacuum. The solution was 
made 0.01 & with respect to K,B,0;-5H;0 and was chromato- 
graphed on a Dowex 1-borate column (34). The sample was 
eluted with 0.015 n borate. The pentose from A. faecalis was 
eluted by the same buffer volume as known ribose, and the ab- 
sorption spectrum of the orcinol complex was identical to that 
of known aldopentose. The samples were pooled, adjusted to 
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pH 5 with Dowex 50, filtered, and taken to dryness in a vacuum. 
After removal of the borate as methyl borate (35) the pentose 
was dissolved in water. 

Degradation of Ribose—Lactobacillus plantarum was used to 
split the ribose into acetic and lactic acids (36). After comple- 
tion of the reaction, the cells were removed and the supernatant 
fluid was steam distilled at pH 2. The nonsteam volatile lactic 
acid was extracted with ether by continuous extraction for 72 
hours. After removal of the ether, lactic acid was determined 
by the Barker-Summerson method (37). The steam volatile 
material (containing the acetic acid) was made alkaline and 
dried on a steam bath. After chromatography on a Celite col- 
umn (38), the organic solvents were removed from the acetic 
acid fraction by distillation at pH 9. The acetic acid was steam 
distilled and then dried as the sodium salt. 

Degradation of Acetic and Lactic Acids—An aliquot of the 
radioactive acetic acid, plus carrier acetic acid, was decarboxyl- 
ated according to the method of Phares (39). The total com- 
bustion of another aliquot, plus carrier, was carried out by a 
modification of the Van Slyke-Folch method (40). The radio- 
activity of the methyl carbon of acetate was then determined 
by difference. 

The following method for the decarboxylation of lactic acid is 
a modification of a method suggested by Dr. Martin Gibbs. 
An aliquot of lactic acid was dissolved (with carrier lactic acid) 
in 1 ml of 1 . H,SO,, washed with acid into a flask, and cooled 
in ice. Two milliliters of CO: free water containing 2 g of Cr0, 
were added, and the flask was attached to the degradation ap- 
paratus (consisting of a condenser, a sweep tube, KMnQ, scrubber, 
and two empty tubes). After the system had been flushed with 
N:, BaClz Ba (OE), traps replaced the 2 empty tubes. The 
reaction flask was placed in a beaker of boiling water for 45 
minutes. The flask was then placed in an ice bath, and N. was 
passed through the mixture. The CO,, representing the car- 
boxyl carbon of the lactic acid, was collected as before. The 
acetic acid (formed upon decarboxylation of the lactic acid) re- 
mained in the reaction flask and was distilled and degraded as 
already described. By this procedure, the specific activities of 
the separate carbons of lactic acid were determined. 

Radioactivity Determinations—Counts per minute per yg of 
atomic weight carbon were corrected for dilution with carrier. 
Radioactivity was measured in a windowless gas flow counter 
operated in the Geiger region, with helium-isobutane (99.05: 0. 95 
as counting gas. Counting error was no greater than 5%. 


Incorporation of Acetate- C into Ribose—The ribose formed 
from carbon Clabeled acetate in the following experiments was 
isolated, purified, and degraded systematically to determine the 
radioactivity in the individual carbons. Methyl-labeled acetate 
was used for all but one of the incorporation experiments because 
of the preferential assimilation of the methyl carbon of acetate 
over that of the carboxyl carbon (46% of total acetate carbon 
supplied to cells is assimilated, 75% of which is the methyl car- 
bon). In an experiment in which acetate-1-C" (18 umoles, 1 X 
10* c.p.m.) was incubated for 2 hours with 1 liter of an 18-hour 
culture, the distribution of radioactivity (counts per minute per 
ug of atomic weight carbon) in the ribose was carbon 1, 120; 
carbon 2, 874; carbon 3, 2198; and carbons 4 and 5, 0. Total 
combustion of the ribose yielded 650 c.p.m. per ug of atom 
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weight carbon. The data show that carbons 1, 2, and 3, but not 
carbons 4 and 5, are derived from the carboxy] carbon of acetate. 

Distribution of Radioactivity in Ribose with Time—Cells were 
allowed to metabolize acetate-2-C" under growing conditions for 
varying periods of time. The distribution of radioactivity in the 
carbons of ribose was determined, and the percentage of the total 
radioactivity in the various fractions of the vessel contents was 
calculated. In one set of experiments, NaHCO; (in the medium) 
and KOH (in the center well) were included to dilute and trap 
the CO; (Tables IA and IIA). With time there was an increase 
in the total radioactivity of the evolved CO; and residual cell 
material, as well as an increase in the specific activity of the 
isolated ribose. 

In a complementary set of experiments, the effect of metabol- 
ically formed CO, on the distribution of radioactivity was de- 
termined. NaHCO, was omitted from the medium and KOH 
from the center well, hence any CO; that was formed would be 
neither diluted nor trapped (Tables IB and IIB). 

As acetate-C"™ is oxidized by the cells (Table I), radioactivity 
appears in CO; and cell material. When KOH was included in 
the reaction vessel, the levels of radioactivity in the CO, and cell 
residue paralleled each other up to 20 minutes. However, when 
KOH was not added, the level of radioactivity in the CO, re- 
mained constant and the radioactivity in the cell residue in- 
creased markedly. The data suggest that CO2, when not trapped 
in KOH, is utilized in the synthesis of cell material. The specific 
activity of the ribose also increased with time (Table II). 

A survey of some of the enzymatic activities associated with 
acetate metabolism and carbohydrate synthesis was undertaken 
to find evidence for or against the pathways suggested by the 
isotope data (Table III and Fig. 1). 


DISCUSSION 

The distribution of radioactivity in ribose formed during the 
incubation of A. faecalis with specifically labeled acetate shows 
that the carboxyl carbon of acetate predominantly labels carbons 
2 and 3 of ribose, whereas the methyl carbon labels all the ribose 
carbons. The two sets of data suggest that carbons 1, 4, and 
5 of ribose arise primarily from the methyl carbon of acetate, 
and carbons 2 and 3 primarily from the carboxyl carbon and 
from CO: With time there is a change in the total and relative 
amounts of radioactivity in the ribose carbons (Table II). With 
an increase in total radioactivity there are changes in the differ- 
ences between the various carbons. In Table IIA, the percentage 
of the specific activity of the ribose in carbon 1 increases with 
time. In Table IIB, this is true for carbon 3. 

In the authors’ interpretation these data speak against the 
formation of ribose from a hexose precursor. If acetate-2-C™ 
were metabolized to malate via the reactions of the glyoxylate 
cycle, and malate were converted to triose phosphate, fructose- 
1,6-di-P resulting from the aldolase catalyzed reaction would be 
labeled in carbons 1, 2, 5, and 6. Removal of carbon 1 would 
give rise to a pentose with qualitatively, though not quantita- 
tively, the same labeling pattern as the ribose found in these 
experiments, but neither phosphoglucose isomerase, glucose-6-P 
dehydrogenase, nor 6 P-gluconic dehydrogenase activities could 
be detected. Although transketolase and transaldolase are pres- 
ent, and undoubtedly contribute to the distribution of carbon" 
in ribose, the relative distribution of the radioactivity cannot be 
readily explained in terms of known pathways of hexose metabo- 
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Tant I 
Incorporation of carbon. Iabolod acetate 
A. Assay system: 32 mg dry weight of cells and 8 smoles of 
acetate-2-C (5 X 10% e. p. m.) in 2 ml of inorganic salts medium 
containing 0.2% NaHCO;; in air at 30° in Warburg vessels. Con- 
ter well contained 0.2 ml of 5 . KOH. 


% Total redioactivity® 
Incubation time 
CO: cen residue — 
min 
0 <1 0 97 3 
57 15 15 60 10 
10 30 37 21 12 
207 47 40 2 11 
30 61 29 <1 10 


H. 


% Total radicactivity® 
Incubation time 
COs Cell residue [Steam volatile — 
— — — 
57 7 23 68 2 
10 7 39 52 2 
207 11 81 3 5 
30 13 80 <1 7 


* 95 to 100% of initial radioactivity was recovered. 
t Duplicate experiments showed same distribution of radioac- 
tivity. 


Taste II 
Incorporation of carbon" in ribose 
A. Assay system: Same as Table I A. 
Radioactivity in ribose carbons 
time 
1 2 3 4 3 
min 
5° 287 (24) 10 (8) | 13 (11) 12 (11) | 50 (44) 
10 151 (47) | 33 (10) 33 (10) | 22 (7) | 80 (28) 
20° 370 (51) 22 (3) | 113 (16) | 110 (15) | 112 (15) 
30 445 (62) 19 (3) 111 (15) | 87 (12) 55 (8) 
B. Assay system: Same as Table I B. 
Radioactivity in ribose carbons 
time 
1 2 3 4 3 
min 
5° 82 (31) | 18 (7) 73 (28)| 34 (13) | 54 (21) 
10 129 (33) | 17 (4) 123 (32) | 36 (9) | 84 (22) 
20 477 (37) | 37 (3) | 670 (61) | 47 (4)| 73 (6) 


* Duplicate experiments indicate same distribution of radio- 
activity. In all cases the observed specific activity of the ribose 
agreed with that calculated from specific activities of the individ- 
ual carbons. 

C. p. m. per ug of atomic weight carbon; not corrected for car- 
rier nucleic acid, see Isolation of Ribose.” 

t Numbers in parenthesis are percentages of the specific activ- 


lism. As an alternative, it is proposed that ribose, or a pentose ity of the ribose. 
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Ribose Synthesis in Alcaligenes faecalis 


TABLE III 
Enzyme activities of extracts and whole cells of Alcaligenes faecalis 


Enzymes 


Minimum activity/min/mg of protein 


Acetate activation 
a-Ketoglutarate dehydrogenase. 
Oxidation of tricarboxylic acid 

cycle intermediates’.......... 


Succinic dehydrogenase........ 
Malic dehydrogenase........... 
Fumar 


P-glycerate kinase............. 
Glyceraldehyde-3-P dehydro- 


Fructose 1,6-diphosphatase..... 
Interconversion of fructose-6-P 


Glucose-6-P dehydrogenase“. 
6 P-gluconic dehydrogenase 
Phosphoglucomutase 
Phosphoglucose isomeras e“. 
Condensation of two- carbon 

and three- carbon compounds’. 
Conversion of à - ketoglutarate 


0.03 wmole acetate activated 
0.01 umole oxygen uptake 


0.07 umole oxygen uptake on 
acetate 

0.04 wmole oxygen uptake on 
citrate 

0.02 umole oxygen uptake on 
malate 

0.02 wmole oxygen uptake on 
succinate 

0.01 wmole oxygen uptake 

0.1 wmole oxalacetate reduced 

0.2 fumarate formed 

0.1 zmole malate formed 


0.03 wmole oxalacetate decar- 
boxylated 

0.02 wmole malate decarbox- 
ylated 

0.01 ymole 
formed 

0.07 wmole P-glyceric acid con- 
verted to glyceraldehyde-3-P 


0.02 mole glyceraldehyde-3-P 
oxidized 

0.01 wmole glyceraldehyde-3-P 
converted 

0.002 mole fructose-1,6-di-P 
formed or split 

0.05 wmole inorganic P released 


P-enolpyruvate 


None 
None 
None 
None 


None 


None 


ATP, CoA, and glutathione are required 

* Succinate, citrate, and malate are oxidized after an hour’s 
lag; a-ketoglutarate is not oxidized. 

¢ Chromatographic evidence for the formation of malate. 

¢ Active with TPN but not DPN. 

„Enzyme is inhibited with 0.04 M fluoride. 


See (11) for detailed study. 


¢ Products formed: sedoheptulose-7-P, fructose-6-P, ribulose- 
5-P, and ribose-5-P; therefore transketolase, transaldolase, ribose- 
5-P isomerase, and xylulose-5-P 3’-epimerase are present; see Fig. 


1 


he Assayed with extracts prepared by sonic disruption, grind- 


ing with glass, and crushing in the Hughes Press, and assayed 
with TPN and DPN (in cases h and i). 

‘Substrates assayed: acetate, acetyl-P, glycolic acid, glycol- 
aldehyde, glyceraldehyde-3-P, dihydroxyacetone-P. 

= All enzymes in this conversion were assayed; none were pres- 


ent. 


(Enzymatic activities h through m were each assayed with vary- 
ing amounts of protein (0.5 to 4.0 mg). See text for additional 


references.) 
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OPTICAL DENSITY 


9.10 


FRACTION NUMBER 


Fic. 1. Products formed from ribose-5-P by an extract of A. 
faecalis. The reaction mixture, containing extract, 2.5 mmoles 
of NaHCO,, 100 zmoles of MgCl2, and 1 mmole of ribose-5-P, was 
incubated for 2 hours at 30° in 100% CO,, and chromatographed 
on a Dowex 1-formate column. cysteine carbazole determi- 
nations at 540 my; - - - orcinol determinations at 660 my. Frac- 
tions I, II, III, and IV correspond to sedoheptulose-7-P, fructose- 
6-P, ribose-5-P, and ribulose-5-P, respectively. 


preceding it, may be formed by the condensation of two smaller 
molecules: a 2-carbon compound giving rise to carbons 1 and 2, 
and a 3-carbon compound giving rise to carbons 3, 4, and 5. 

Origin of Carbons 3 to 5 of Ribose—The distribution of radio- 
activity found in carbons 3, 4, and 5 of ribose may be explained 
in the following way. When acetate-2-C™ is metabolized via 
the glyoxylate and tricarboxylic acid cycles, the 4-carbon dicar- 
boxylic acids are labeled primarily in the interior carbons. The 
citrate formed in the condensation of acetate and oxalacetate is 
then labeled primarily in the noncarboxyl carbons. The gly- 
oxylate formed from the isocitrate will be radioactive. However, 
if there are initially nonradioactive dicarboxylic acids within the 
bacteria which condense with acetate-2-C™, the isocitrate formed 
is initially not labeled in the carbons which give rise to glyoxylate. 
Hence, the subsequent condensation of acetate-2-C™ with gly- 
oxylate produces malate labeled primarily in the methylene 
carbon. If the malate is converted to a 3-carbon compound 
which in turn is converted to triose phosphate, primarily carbon 
3 of the triose is labeled. However, with interconversions and 
cycling of the 4-carbon dicarboxylic acids (via fumarase) through 
the tricarboxylic acid cycle, the glyoxylate carbons become radio- 
active. The 3-carbon compound formed from the malate, which 
in turn is formed by the condensation of radioactive glyoxylate 
and acetate, will then be labeled in carbons 2 and 3. If carbons 
3 to 5 of ribose are derived from a 3-carbon compound formed in 
the above ways, then carbon 5 will initially be more radioactive 
than carbon 4. With time the carboxyl carbons of the 4-carbon 
dicarboxylic acids, and hence carbon 3 of the ribose, become 
labeled. Furthermore, since the conversion of 4-carbon dicar- 
boxylic acids to 3-carbon compounds is reversible, the equilibra- 
tion of CO, with the intermediates can introduce radioactivity 
into carbon 1 of the 3-carbon compound and subsequently into 
carbon 3 of ribose. The effect of metabolically formed Ci O: on 
the radioactivity in carbon 3 of ribose is striking (Table II)B. 

If acetate-1-C™ is metabolized as above, the carboxy] carbon 
of the dicarboxylic acid and carbon 1 of the postulated 3-carbon 
compound would be labeled. Carbon 3 of the ribose formed from 
this 3-carbon compound would then be labeled. 
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Fic. 2. Postulated pathways for the synthesis of ribose from acetate in A. faecalis 


( --- no enzymatic evidence; ——enzymatic evidence) 


Enzymatic studies show that A. faecalis is capable of carrying 
on a net synthesis of 4-carbon dicarboxylic acids by way of the 
tricarboxylic acid and glyoxylate cycles. The enzymes necessary 
for the conversion of 4-carbon dicarboxylic acids to triose phos- 
phate are also present (Table III). 

Origin of Carbons 1 and 2 of Ribose—The distribution of radio- 
activity in the ribose indicated that carbon 1 was derived from 
the methyl carbon of acetate and carbon 2 from the carboxyl 
carbon. The small amount of radioactivity from the methyl 
carbon in carbon 2 of ribose could be due to the formation of a 
small amount of acetate-1-C™ by oxidation of pyruvate-2-C™. 

The increase in radioactivity in carbon 1 over that of the other 
ribose carbons can be explained in the following manner. The 
condensation of acetate and glyoxylate to malate and subsequent 
conversions of 4-carbon compounds makes likely the equilibra- 
tion, exchange, and dilution of carbons 3, 4, and 5 of ribose. 
Should the first 2 carbons of ribose arise from glyoxylate, or a 
similar 2-carbon compound, which in turn is formed in the 
cleavage of isocitrate, the radioactivity in those carbons would 
be greater than that in carbons 4 and 5. Should carbons 1 and 
2 be formed directly from acetate, then the amount of radio- 
activity in carbon 1 would be independent of the radioactivity 
in carbons 3 to 5 of ribose. 

Although there is no enzymatic evidence thus far for the 
formation of ribose in A. faecalis by the condensation of a free 
2-carbon compound with a free 3-carbon compound (such as 
acetate and glyceraldehyde-3-P), this possibility is not ruled out. 
However, the enzymes necessary for the formation of hexose 
from triose phosphate, and the subsequent formation of ribose 
by certain reactions of the nonoxidative hexose monophosphate 
pathway are present. In view of this, it is possible that trans- 
ketolase is responsible in part for the distribution of radioactivity 
in ribose. To produce pentose labeled as described in this paper, 
the formation of pentose by the condensation of free 2-carbon 
and 3-carbon compounds would have to be a faster mechanism 
than that involving transketolase and transaldolase activities. 
Fig. 2 is an interpretation of the data from isotope incorporation 


experiments and enzymatic assays to explain the formation of 
ribose from acetate in A. jaecalis. 


SUMMARY 

1. A study of ribose synthesis in Alcaligenes faecalis is de- 
scribed. The problem was approached in two ways: (a) the 
pattern of incorporation of carbon"*-labeled acetate into ribose 
was determined; (b) an analysis of the enzymes in cell extracts 
was made. 

2. The authors have interpreted the data from the incorpora- 
tion of acetate-C™ into ribose to indicate a 2-carbon plus 3-car- 
bon condensation, in which the 2-carbon compound goes into 
carbons 1 and 2, and the 3-carbon compound into carbons 3, 4, 
and 5 of ribose. It is suggested that the pathway(s) leading to 
the formation of the 2-carbon compound is independent of that 
giving rise to the 3-carbon compound. 

3. The enzymatic data suggest that acetate is metabolized 
through the tricarboxylic acid and glyoxylate cycles. The en- 
zymes responsible for the formation of triose phosphate and the 
subsequent condensation of two triose phosphates to form fruc- 
tose 1 ,6-diphosphate are present. Transketolase, transaldolase, 
ribose 5-phosphate isomerase, and xylulose 5-phosphate 3’-epi- 
merase activities were detected, which would allow ribose syn- 
thesis from hexose. Such a pathway is not in accord with the 
isotope distribution in ribose, nor can phosphoglucose isomerase, 
glucose 6-phosphate dehydrogenase, nor 6 phosphogluconic de- 
hydrogenase activities be detected. 
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Studies of the Utilization of Aldohexoses in the Normal Rat* 
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It has been known for many years that p-fructose, D-mannose, 
and p-galactose are readily converted to glucose by animals and 
consequently can be utilized for their energy needs. But in 
spite of the fact that the literature dealing with various aspects 
of the biochemistry of carbohydrates is voluminous, reports of 
studies with the less common aldohexoses are quite rare. This 
is undoubtedly due in part to the relative difficulty entailed in 
obtaining them. Only two reports concerning the natural oc- 
currence of rare aldohexoses have appeared. The presence of 
p-idose or L-altrose in varianose, a polysaccharide produced by 
a strain of Penicillium varians, was reported (1) and more re- 
cently, D-talose was found to be a constituent of the antibiotic 
hygromycin B (2). 

Reports of the occurrence of derivatives of the rare sugars 
are almost equally as scarce. t-Iduronic acid has been isolated 
from chondroitinsulfuric acid B (3), and t-guluronic acid has 
been found in the polyuronic acid obtained from various species 
of algae (4). 1-Gulonolactone is an intermediate in the biosyn- 
thesis of L-ascorbic acid from p- glucose (5). The occurrence of 
p-gulosamine in several antibiotics has also been described (6). 

In recent years, however, interest in the rare hexoses has in- 
creased. D-Gulose and p-allose have been used in permeability 
studies (7), D-allose has been used in intestinal absorption rate 
studies (8), and the suitability of a number of the rare sugars as 
substrates for a variety of hexokinases has been investigated 
(9-12). The fermentation of p-allose by Aerobacter aerogenes 
(13) has also been reported, and a recent report described the 
ability of a number of the rare hexoses to support the growth 
of a variety of human cell cultures (14). 

The scarcity of available information regarding the behavior 
of the rare sugars in biological systems has prompted a number 
of investigations in these laboratories into their potential role as 
a source of energy, their ability to serve as substrates for, or in- 
hibitors of, a variety of ensymes, and their rate of absorption 
from the intestine. It is hoped that a fuller understanding of the 
mechanisms and specificities of biological systems can be achieved 
from these investigations. In the work described in this paper, 
C-labeled p-allose, altrose, talose, gulose, and idose were em- 
ployed in studies of their utilization by the rat. The data reveal 
that these sugars are almost completely inert insofar as their 
oxidation to CO, or conversion to liver glycogen is concerned. 
Slight utilization of gulose and allose was observed, however. 

* Supported in part by research grant A-425 from the National 
Institute of Arthritis and Metabolic Diseases of the National 
Institutes of Health, United States Public Health Service. This 
work is taken from a thesis submitted to the Graduate College of 
the University of Illinois in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy. 

t Present address, Division of Biological and Medical Research, 
Argonne National Laboratory, Lemont, Illinois. 


EXPERIMENTAL PROCEDURE 


Preparation of C. Labeled Hexroses—Allose-1-C™ and altrose-1- 
Cie were prepared from p- ribose by modifications of the proced- 
ures described by Pratt and Richtmyer (15) and Isbell et al. (16). 
A quantity of 80 ml of an aqueous solution containing 10 mmoles 
of sodium cyanide-C™ (1 me) and 1 mmole of NaOH was frozen 
in a Dry Ice-acetone bath. A quantity of 20 ml of an aqueous 
solution containing 10 mmoles of p-ribose and 10 mmoles of 
NaHCO, was added, and the mixture was swirled gently while 
thawing. The solution was allowed to stand at room tempera- 
ture for 48 hours. The reaction flask was placed in a water bath 
at 60°, and a stream of nitrogen was bubbled through the solu- 
tion until evolution of ammonia ceased, which indicated that 
the hydrolysis of allono- and altrononitrile to the corresponding 
aldonic acids was complete. The resultant solution was passed 
over a column containing 40 g of Amberlite IR-120, and the 
effluent and column washings were concentrated to a syrup under 
reduced pressure. The mixture of lactones thus prepared was 
reduced to the corresponding 1-C'-hexoses with 2.5% sodium 
amalgam (16). Salts were precipitated by the addition of 5 
volumes of hot methanol, removed by filtration, and washed 
with methanol until residual radioactivity was negligible. Meth- 
anol was removed from the solution by concentrating to a 
volume of 2 ml, and water was added. Unreduced lactones were 
hydrolyzed to the aldonic acids by the dropwise addition of 2 
* NaOH to the hot solution until a faint pink color of phenol- 
phthalein persisted. The solution was deionized by passage over 
a column of Amberlite MB-3, and the column effluent and wash- 
ings were concentrated under reduced pressure to a syrup from 
which a small amount of allose-1-C™ separated by crystallization. 
Paper chromotography indicated that the mother liquor con- 
tained both allose and altrose. The two sugars were separated 
by large scale paper chromatography on Whatman No. 17 paper, 
using tert-amy! alcohol-water 11:2 as the developing solvent. 
The areas containing the sugars, located by radioautograms, were 
eluted with water. The eluates were decolorized with Norit A 
and concentrated to syrups. 

Absolute ethanol was added to the syrup containing allose-1- 
C. Crystallization of the sugar occurred over a period of 
several days. After recrystallization from alcohol, a yield of 
229 mg of allose-1-C was obtained, m. p. 138-139°, [a]* + 
14.9° (C, 1, water). ! The purity of the substance was further 
established by paper chromatography and radioautography. 
Three solvent systems were used in the chromatographic exami- 
nation (tert- amyl alcohol-water 11:2; n-butanol-95% ethanol- 
water 7:4:1; water-saturated phenol). In each system only one 


1 Melting points were obtained on the Kofler hot stage micro 
melting point apparatus. 
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reducing substance was detected, which exactly corresponded to 
the only radioactive substance detected. 

From the syrup eluted from the paper chromatogram, crystal- 
line altrose-1-C' was obtained by the procedure of Richtmyer 
and Hudson (17). After recrystallization, a yield of 139 mg was 
obtained, m. p. 108-110°, [a]? +32.9° (C 1, water). Purity 
was further established by paper chromatography and radio- 
autography as described. 

The Amberlite MB-3 column was completely eluted with acid. 


TABLE I 
Comparison of animals administered C'*-labeled hexoses 
Experi- Glucose | Expired 
Nat administered* weight 2 
| 4 még még 4 
1 Allose-1-C" 358 | 10.2 310 157 8.7 
2 | Allose-1-C" 341 9.3 100 67 8.8 
3 | Altrose-1-C' 326 9.7 300 235 10.2 
4 | Altrose-1-C'™ 335 10.4 200 100 10.7 
5 | Gulose-2-C"* 331 10.4 205 116 9.6 
6 | Gulose-2-C™* 360 ) 11.1 305 118 9.1 
7 | Gulose-2-C* | 316 9.1 | 250 | 105 | ¢ 
| 
8 | Idose-2-C™ 353 9.7 250 167 11.0 
9 | Idose-2-C™ 355 11.2 300 | 222 | 10.2 
10 | Talose-2-C“ 321 9.4 215 | 142 | 10.1 
11 Talose-2-C™ 345 9.8 265 191 10.4 


* Two grams of nonisotopic glucose were fed by stomach tube, 
and the radioactive sugars were injected intraperitoneally. The 
animals were killed 4 hours later. The amount of isotope ad- 
ministered in each experiment is indicated in Tables II and III. 

t After 24-hour fast. 

t Sample lost. 

Taste II 

Distribution of CM in metabolic products of normal rats after 

intraperitoneal administration of allose- I- C M and altrose-1-C"* 


— 
c. p. m. % 

1 Allose-1-C"* 1.1 X 10° 100 
Liver glycogen 0 0 
Expired CO: 3.0 X 10 0.27 
Exereted in urine 4.3 X 105 39.1 

2 Allose-1-C™ 1.1 X 10% 100 
Liver glycogen 0 0 
Expired CO: 3.6 K 10 0.33 

3 Altrose-1-C'* | 1.1 X 10° 100 
Liver glycogen | 0 0 
Expired CO: | 0 0 
Excreted in urine 5.2 X 105 47.3 

4 Altrose-1-C"* 1.1 X 10% 100 
Liver glycogen 0 0 
Expired CO; 0 0 


* Radioactivity was determined by oxidation to CO: (21) which 
was converted to BaCO; and counted at infinite thickness. 
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From the eluate and washings, which contained the free aldonie 
acids and lactones of the two carbohydrates, further amounts of 
the two hexoses can be obtained. 

D-Talose, gulose, and idose, labeled in carbon 2 with Cie, were 
prepared as previously described (18). 

Administration of Carbohydrates to Rats—Adult male rats of the 
Sprague-Dawley strain were used in each experiment. The 
animals were fasted for 24 hours before the experiments and given 
2 g of glucose in 4 ml of water by stomach tube. The radioae. 
tive hexose was immediately injected intraperitoneally, and the 
animals were placed in a metabolism cage which enabled col. 
lection of respiratory CO,. After 4 hours the animals were 
killed by a blow on the head. 

Isolation of Glucose from Liver Glycogen—The liver was quickly 
removed from the animals and glycogen was isolated by the 
trichloroacetic acid extraction method described by Carroll et al. 
(19). The glycogen so obtained was dissolved in water, dialyzed 
against water for 24 hours at 4°, and precipitated by addition of 
an equal volume of absolute ethanol. Dialysis was found to 
remove substances, the nature of which has not been investigated, 
which tended to inhibit the crystallization of glucose. 

Crystalline glucose was obtained from the glycogen by the 
procedures of Bell and Young (20). After recrystallization from 
92% ethanol, the glucose melted at 144-145°. Purity was es- 
tablished by paper chromatography and radioautography as 
described. 


Determination of Isotope Content All samples were oxidized to 


CO: by the Van Slyke-Folch wet combustion method (21), con- 
verted to barium carbonate, and counted at infinite thickness 
Glucose obtained from the liver glycogen samples was oxidized, 
rather than the glycogen, in order to avoid the possibility of 
misleading results, in the event that any “accidental’’ incorpo- 
ration of the rare hexose into glycogen had occurred. 

Urine samples were made up to a known volume, and aliquots 
were oxidized to CO: and counted as barium carbonate at infi- 
nite thickness. 


RESULTS AND DISCUSSION 


General experimental data are summarized in Table I. The 
fact that considerable amounts of glycogen could be isolated 
indicated that glycogenesis was proceeding actively, and it is 
reasonable to assume that if conversion of the rare sugars to 
glucose had occurred, a portion of the glucose would have been 
converted to glycogen. It can also be seen that the recovery of 
glucose from glycogen resulted in yields ranging from 39 to 78%. 
It has not been possible, nor was any attempt made, to obtain 
quantitative yields of glucose, since a close approximation of the 
total radioactivity in glycogen can be calculated from the specific 
activity of glucose. If it is assumed that on hydrolysis of gly- 
cogen 1 mmole of water is added for each mmole of glucose ob- 
tained, then the total c.p.m. in glycogen = c.p.m./mg glucose X 
180/162 X weight of glycogen. 

This correction has been applied to the data presented in Table 
III, although it does not alter interpretation of the results of 
these experiments. It is conceivable, however, that a correction 
of somewhat more than 10% may be significant in other investi- 
gations. 

Table II shows the results of the experiments in which allose- 
1-C" and altrose-1-C™ were administered to rats. From these 
data it can be seen that under the conditions of these experiments 
no detectable amount of altrose was converted to liver glycogen 
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or oxidized to CO: The data obtained with allose, however, 
show that although there was apparently no conversion to liver 
glycogen, a small fraction of the administered dose, about 0.3%, 
was recovered as expired CO; Although it is possible that di- 
lution of the isotope in glycogen was too great to permit detection, 
it is of interest to speculate that these findings might arise as a 
result of metabolism via the hexose monophosphate shunt. It 
has been found (10, 12) that allose can be phosphorylated by a 
number of rat tissues. Racker and Schroeder (22), furthermore, 
have postulated the normal occurrence of allose 6-phosphate in 
the shunt pathway. If allose were metabolized by this route, it 
can be postulated that the phosphorylated sugar was oxidized to 
the corresponding aldonic acid which was subsequently decar- 
boxylated. Since the administered allose was labeled in carbon 
1, the isotope would be lost as CO: This could account for the 
finding of isotope in expired CO, but not in glycogen. 

The results of the experiments with 2-C-gulose, talose, and 
idose are presented in Table III. Under the conditions employed 
no conversion of either idose or talose to liver glycogen or CO; 
was detected. The data obtained in the studies with gulose 
indicate a slight utilization of this sugar. About 0.4 to 0.7% of 
the administered isotope was found in liver glycogen, and an 
average of about 1% was found in expired CO: The biochemical 
mechanisms which lead to these results are unknown. When 
galactose-2-C' was administered to rats under the same experi- 


mental conditions, 25% of the isotope was recovered in liver 


glycogen and 11% in expired CO: (18). Galactose, however, 
differs from glucose only in the configuration of the hydroxyl 
group at carbon 4, whereas the configuration of gulose differs 
from glucose at carbons 3 and 4. Although it has been found 
that gulose can be slowly phosphorylated by rat liver prepara- 
tions (12), the behavior of gulose 6-phosphate as a substrate for 
epimerases, isomerases, and aldolases is not known. The action 
of aldolase on gulose may be of particular interest since, like 
glucose, the hydroxy] groups at carbons 3 and 4 have a trans 
relationship to each other, a structural feature which is appar- 
ently important to, but not essential for, aldolase action (23). 
Of the sugars studied, only idose and gulose have this structure. 
Idose, however, differs from glucose not only in configuration at 
carbons 3 and 4, but also at carbon 2, and these differences may 
be sufficient to prevent completely any phosphorylation of idose 
by hexokinases in the rat. This sugar has been found to be inert 
to the action of hexokinase preparations derived from a number 
of biological sources (12).. Preliminary studies in these labora- 
tories with idose in hexokinase preparations from rat intestine, 
kidney and liver indicate that idose is inert in these systems. It 
would be of interest to explore further the action of aldolase and 
other enzymes on the phosphate esters of gulose and idose. 

The data in Tables II and III indicate that considerable 
amounts of all the hexoses studied were excreted in the urine in 4 
hours. Examination of the urine by paper chromatography and 
radioautography showed the sugar to be excreted largely un- 
changed. However, small amounts of nonreducing radioactive 
substances were also detected in each case. These substances, 
which may be conjugation products, moved more rapidly on 
paper chromatograms than any of the free sugars. The nature 
of these substances is being investigated. 


Rats were injected with C-labeled allose, altrose, gulose, 
idose, and talose. Examination of expired CO, and liver gly- 
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Taste III 


Distribution of C in metabolic products of normal rats after 
intraperitoneal administration of 2-C'-gulose, 
idose, and talose 


— | 


; 


5 Gulose-2-C"* 
Liver glycogen | 
Expired CO; 
Excreted in urine 


* 2 2 
we 
D 


6 Gulose-2-C'™ 
Liver glycogen 
Expired CO, 


7 Gulose-2-C™ 
Liver glycogen | 


8 Idose-2-C™* 

Liver glycogen 
Expired CO, 
Excreted in urine 


2 382885 
2 28 


~ 
cox XS XX XXX 


9 Idose-2-C™ 
Liver glycogen 
Expired CO; 


8 


10 Talose-2- Ci“ 41.6 
Liver glycogen | 
Expired CO: | 
Exereted in urine 3.0 
6 


11 Talose-2-C™ ee 


Liver glycogen 
Expired CO: 


cox 


* Radioactivity was determined by oxidation to CO, (21) which 
was converted to BaCO, and counted at infinite thickness. 


cogen indicated that altrose, idose, and talose were inert. When 
radioactive gulose was administered, about 0.5% of the isotope 
was recovered in liver glycogen and 1% in expired CO. After 
injection of radioactive allose, — 
in expired CO,, but none was found in liver glycogen. These 
—— 
carbohydrate metabolism. 
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The incorporation of inorganic sulfate into the ester sulfate 
group of cartilage and skin chondroitin sulfates has been exten- 
sively studied in vivo (1), in surviving tissue preparations (2-5), 
and more recently in cell-free systems (6-8). The exact nature 
of the sulfation step is still undetermined, as is the mechanism 
of polymer chain synthesis. The present study describes the 
isolation, assay, and properties of a sulfotransferase isolated 
from rabbit skin specific for sulfation of chondroitin B. A pre- 
liminary report has been presented (9). 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Chondroitin B' (sulfate content less 
than 1.0%) was prepared by chemical desulfation of pig skin 
chondroitin sulfate B (10); other polysaccharides utilized as ac- 
ceptor substrates were also prepared in this laboratory by con- 
ventional methods (11), and exhibited satisfactory analyses. 
The PAPS** used was synthesized by the method of Robbins 
and Lipmann (12) or Suzuki (13) and purified by paper electro- 
phoresis. Nucleotides were purchased from the Sigma Chemical 
Company; SO%*, carrier-free, was obtained from Oak Ridge 
National Laboratory. Uronic acid was determined by carbazole 
(14) or orcinol (15) methods, hexosamine by a modified Elson- 
Morgan procedure (16) and protein by the method of Lowry 
et al. (17). Radioactivity measurements were made in a Tri- 
Carb liquid scintillation counter, (Packard Instruments Com- 
pany, Inc., LaGrange, III.), with the use of toluene as solvent 
and 2,5-diphenyloxazole - 1 , 4 - bis-2-(5-phenyloxazoly])-benzene 
(40:1) as scintillators. 

Preparation of Enzyme—aAll operations subsequent to skinning 
the animals were conducted at 0-2°. 

Young rabbits (2 to 3 weeks) were shaved, decapitated, and 
skinned. The skin was sliced as fine as possible by hand and 
extracted for 2 minutes in a Waring Blendor with 5 volumes of 
0.15 M KCl containing 5 X 10 M glutathione. The suspension 
was centrifuged for 10 minutes at 18,000 x g and the residue 
discarded. The supernatant solution (crude extract) was treated 
with 0.1 volume of 2% protamine sulfate, and after standing for 
10 minutes the precipitate was removed by centrifugation and 
discarded. Protein precipitating at 90% saturation with am- 
monium sulfate was collected by —— dissolved in a 
minimum amount of water, and dialyzed against 2 X 10 M 
phosphate buffer pH 6.8. Further purification could be effected 


* This work was supported by Grants A-2903 (C-1) and Rg-H- 
MH-AB 5385 from the National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland. 

1 The abbreviations used are: chondroitin B, poly t-iduronido- 
— -acetylgalactosamine; PAPS, 3’-phosphoadenosine-5’-phospho- 

ate. 


by adsorption of the dialyzed enzyme on diethylaminoethyl cel- 
lulose equilibrated against the buffer used for dialysis, and gra- 
dient elution with 2 x 10 Mu phosphate in the mixing vessel 
(250 ml) and 0.1 M phosphate pH 7.4 in the reservoir. Recovery 
of enzyme from the cellulose was low and somewhat variable 
and, therefore the majority of the experiments were performed 
with the dialyzed ammonium sulfate enzyme fraction. A sum- 
mary of the purification procedure is given in Table I. 

Enzyme Assay—Assays were performed at 37° by the addition 
of enzyme protein to incubation mixtures containing imidazole 
or phosphate buffer pH 7.4, 5 umoles; acceptor substrate, 1.5 
umole; ATP, 5 umoles; 807“, 2.0 x 10° c.p.m., 20 umoles; 
MgCls, 2 umoles; final volume, 1.0 ml. PAPS could be substi- 
tuted for ATP plus SO,” in all experiments. After appropriate 
incubation periods, generally 30 minutes, protein was denatured 
by the addition of an equal volume of chloroform-butanol (9:1) 
followed by vigorous agitation of the mixture; attempts to re- 
move protein by acid precipitation in the presence of SO,” or 
PAPS, or heat inactivation in the presence of PAPS, led to con- 
sistently erroneous values caused by contamination or nonen- 
zymatic sulfate transfer. The resulting suspension was centri- 
fuged at 18,000 X g for 15 minutes, the upper layer aspirated 
and dialyzed for 16 hours against frequent changes of 0.1 M am- 
monium sulfate; this was followed by an additional 4 hours of 


— — 
saturated with calcium acetate. After standing for 10 minutes 
in an ice bath, the precipitate was collected by eentrifugation 
and dissolved in 1.0 a K CO, The resulting solution was sub- 
jected to paper electrophoresis in 0.1 M acetate buffer pH 5.0 
for 45 minutes at 500 volts. The paper strips were dried, sec- 
tioned, and assayed for radioactivity in a liquid scintillation 
counter. This technique is advantageous since no self-absorp- 
tion correction is required, and the compounds studied are not 
removed from the paper by the scintillation solvent (toluene), 
thus allowing subsequent elution of radioactive strips and assay 
for uronic acid or hexosamine content. Routine controls, which 
included a complete incubation inactivated at zero time (rather 
than the less reliable control of incubation with previously in- 
activated enzyme), always exhibited background level counts. 
RESULTS 

Some properties of the crude extract and protamine super- 
natant solution are illustrated in Table II. Both the crude 
extract and the supernatant solution after protamine precipita- 
tion appeared to contain the component enzymes of the sulfate- 
activating system, since an absolute requirement for ATP was 
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exhibited which could be eliminated by addition of PAPS. In 
addition, the formation of PAPS was demonstrated by paper 
chromatography and paper electrophoresis after incubation in 
the presence of inorganic pyrophosphatase. The nature of the 
endogenous acceptor present in the crude extract is not known, 
but its removal by protamine sulfate suggests that it is a poly- 
anion. 

The acceptor specificity of the dialyzed ammonium sulfate 
fraction is illustrated in Table III. It is not known whether the 
activity exhibited with chondroitin A is due to nonselectivity of 


TABLE I 
Purification of PAPS-chondroitin B sulfotransferase 
Assay conditions as described in text. A unit is defined as that 
amount of enzyme catalyzing the transfer of 1 mumole of sulfate 
per hour. 


Specific activ. 
Fraction transierred/ Total units| Recovery 
mg protein/ 
mumoles % 
Crude extract................... 2 250 
Protamine supernatant.......... | 11 256 105 
Ammonium sulfate, 90% satura- 
e 24 112 45 
Ammonium sulfate, dialyzed. .._ 32 116 48 
Diethylaminoethyl elu ate | 112 12 5 
TABLE II 


Sulfotransferase activity of skin extracts 
Incubations as described in text. PAPS may be substituted for 
ATP plus S0 . Counts in polysaccharide fraction equated to 
100; when complete system was employed, about 2% of total 
counts were transferred. 


Crude extract — 

Complete system 100 100 
Zero time control 5 2 
No chondroitin 3 | 35 3 
| 50 25 
No Mg**; no ATP; PAPS 5 X 

, M added............... 130 125 

III 
Specificity of sulfotransferase 


Assay conditions as described in the text. Experiments were 
conducted with the dialyzed ammonium sulfate fraction. Ac- 
tivities are expressed as total counts in the polysaccharide frac- 


tion. 

Acceptor | Experiment I Experiment II 
Chondroitin B................ | 236 3336 
Chondroitin A or C........... ) 65 781 
Hyaluronic acid.............. | 10 120 
Keratosulfate................ 10 100 
Chondroitin sulfate A........ | 15 100 
Chondroitin sulfate B........ 25 160 
Chondroitin sulfate C........ 20 85 


86 6 

DISTANCE MIGRATED IN CM 

Fic. 1. Paper electrophoretogram of typical experiments, 
@——@, uronic acid content; @- - - - -@, radioactivity. Assay 
conditions as described in the text. Elution of coincident areas 
followed by paper electrophoresis at pH 2.8 or 6.7 yields patterns 
which still coincide. 


— 
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TABLE IV 
Effect of nucleoside triphosphates on sulfate incorporation 
Assay conditions as described in text, except for indicated ad- 
ditions. Activities expressed as total counts in polysaccharide 
fraction. In experiment A, protamine supernatant was used as 
source of enzyme, and in experiment B, the dialyzed ammonium 
sulfate fraction was employed. 


Additions Experiment A Experiment B 
c. p. m. c. p. m. 
No additions 192 422 
. 212 467 
. 164 540 
GTP (2 X 10°* m)............ 203 657 


— — 


the transferase or contamination with other enzymes of this 
general type. 

Results of a typical assay are shown in Fig. 1. Measurement 
of hexosamine content agreed with the values obtained from 
uronic acid assay. PAPS, which migrated about 13 em under 
the standard conditions, was not hydrolyzed to adenosine 5 
phosphosulfate or otherwise altered in the absence of acceptor. 
Attempts to identify the position of sulfation by infrared spec- 
troscopy (18) were inconclusive, although the appearance of an 
ester sulfate band at approximately 840 em- was demonstrable. 
Sulfate incorporation was directly proportional to time for 2 
hours and to several-fold variation in enzyme concentration. 

During investigations of the catabolism of chondroitin sulfate 
B by mammalian enzyme systems, it was observed that of the 
nucleotides tested, only UTP appeared to stimulate chain syn- 
thesis or prevent breakdown (19). The effect of UTP and vari- 
ous other nucleoside triphosphates on sulfate incorporation is 
illustrated in Table IV. The figures presented are minimal, and 
10-fold stimulations by UTP over controls have been observed. 
The relation of UTP to the sulfate transfer system is not under- 
stood at present, but the results make it appear likely that the 
effect is on polymer chain length rather than on the SO, trans- 


fer step directly. 
DISCUSSION 


Although several examples of sulfate transfer have previously 
been reported (20-23), this is the first polysaccharide sulfotrans- 
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ferase to exhibit some degree of substrate specificity, as well as 
the first to be obtained with significant specific activity. Calcu- 
lations of the level of sulfate incorporations demonstrate one 
sulfate incorporated per five to six disaccharide units. Although 
this level is far above that which can be accounted for by end 
group sulfation (one sulfate per 30 to 50 residues), it is still much 
below the theoretical maximum. The reasons for this discrep- 
ancy are not understood. 

Molecular models of the polysaccharide chain demonstrate 
that the axial hydroxyl at C-4 of the galactosamine moiety is 
virtually completely unhindered and presumably available as a 
sulfation site. While these results strongly support the thesis 
that the sulfation step could occur subsequent to polymerization 
(24), the turnover studies of Schiller et al. (25) suggest that the 
sulfate group and monosaccharide moieties of chondroitin sulfate 
B are catabolized and replaced at the same rate. This fact, 
coupled with the inability to achieve theoretical sulfate content 
in the system described, makes it possible that the sulfate ac- 
ceptor in vivo is an oligosaccharide or activated low molecular 
weight fragment that is subsequently polymerized, probably via 
a uridine derivative (26). 


SUMMARY 


1. A sulfotransferase has been partially purified from extracts 
of rabbit skin; it exhibits acceptor specificity for chondroitin B 
as compared to chondroitin A, chondroitin sulfate A, B, or C, 
hyaluronic acid, and keratosulfate. 

2. Extracts of rabbit skin contain sulfate-activating enzymes 
and do not cause appreciable breakdown of 3’-phosphoadenosine- 


5’-phosphosulfate. 
3. Sulfation of chondroitin B by this system is stimulated 


more than 3-fold by uridine triphosphate, but not by the tri- 
phosphates of guanosine, cytosine, or adenosine. 


E. A. Davidson and J. G. Riley 
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Studies of Tissue Permeability 


VII. THE EFFECT OF INSULIN ON GLUCOSE PENETRATION AND PHOSPHORYLATION 
IN FROG MUSCLE* 
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The aim of this investigation has been to measure the rates of 
penetration and utilization of glucose in skeletal muscle as an 
integrated system, and to examine the effect of insulin upon these 
rates. The thin sartorius muscle of frogs is particularly suited for 
this purpose, because it can be removed without cutting of its 
fibers and is known to remain functionally intact for many hours 
when incubated in vitro (1). Furthermore, incubation at dif- 
ferent temperatures may be regarded as a physiological proce- 
dure. Gourley (2) has recently reported that the uptake of glu- 
cose by the tibialis anticus longus muscle of frogs is increased 
by insulin, but penetration was not specifically measured. 

The penetration of glucose into isolated frog sartorii was ac- 
celerated by insulin, and the magnitude of this response was 
greater than for any other biological object so far investigated. 
Intracellular accumulation was studied as a function of time, 
glucose concentration, and temperature, and equations were de- 
veloped which describe the rate of accumulation and the steady 
state at different levels of glucose utilization. An additional com- 
ponent of this system, the glucose 6-phosphate concentration, 
was also investigated. The rate of exit of glucose from muscle 
was measured separately. 


EXPERIMENTAL PROCEDURE 


Chemicals D- Glucose was obtained from the Mallinckrodt 
Chemical Company, and raffinose and p-sorbitol from the Pfan- 
stiehl Chemical Company. Crystalline zinc insulin was a gift 
from Eli Lilly and Company. Glucose oxidase and horseradish 
peroxidase were products of the Worthington Biochemical Cor- 
poration. TPN and glucose 6-phosphate as a barium salt of 
98 to 99% purity, were obtained from the Sigma Chemical Com- 


pany. 

Animals—Female Rana pipiens weighing approximately 50 to 
70 g were obtained during the months of November through 
April from a dealer in Minnesota, and kept in water at about 
3° for 2 to 6 weeks before use. These were naturally hibernating 
frogs and will be referred to as winter frogs. Additional experi- 
ments were performed on summer frogs obtained during the 
months of June through September. These animals were also 
kept in water at about 3° for 2 to 4 weeks before use. After low 
spinal transection, the sartorii were dissected with great care 

* This work was supported in part by Research Grants No. 
A-3199 and A-1984 from the National Institutes of Health, 


United States Public Health Service. 
t Special Research Fellow of the United States Public Health 


Service. 
t Fellow of the Rockefeller Foundation. 


and with a minimum of trauma while being kept moist with cold 
Ringer’s solution. Forceps were applied to the distal tendos 
and never to the muscle itself. Muscles used for measurement 
of glucose uptake were usually in the weight range of 80 to 120 
mg, whereas larger muscles of about 110 to 150 mg were used 
for analyses of glucose 6-phosphate. 

The Ringer’s solution which was employed for bathing and 
incubating the muscles was a Krebs-Ringer-bicarbonate solution 
(3) except that the concentration of NaCl was lowered from 
0.118 u to 0.083 M in keeping with the lower tonicity of frog 
plasma. This solution was gassed with 5% CO: in O: when 
prepared, and also just before the addition of tissues. 

Frog muscles were generally dissected 12 to 17 hours before 
an experiment, and soaked in 3 ml of Ringer’s solution at 2-5 
during this interval. The incubation medium for studies of glu- 
cose penetration, unless otherwise indicated, consisted of 2 ml 
of Ringer’s solution which contained 11.1 umoles of glucose and 
8.4 umoles of raffinose per ml. At higher concentrations of glu- 
cose, partial compensation for the osmotic effect was achieved 
by diluting the Ringer’s solution with water to decrease its to 
nicity by 7.2 milliosmoles for each 10 mmoles of glucose present. 
The maximal dilution used was 15% for a glucose concentration 
of 50 mm. Incubations were carried out in 25-· ml Erlenmeyer 
flasks that were gassed for 10 minutes through thin polyethylene 
tubing before the addition of one muscle to each flask. After 
being closed with a rubber stopper, the flasks were shaken at 
110 oscillations per minute at 19 or 29° in a Dubnoff incubator. 
Control studies showed that no significant change in glucose 
concentration occurred if tissue was not added to the flask. 

For studies on the efflux of glucose, muscles were incubated 
at 19° with 20 umoles of glucose and 0.4 unit of insulin per ml of 
Ringer’s solution, blotted lightly on filter paper moistened with 
some of the incubation medium, and washed at 19° by shaking 
with several successive portions of Ringer’s solution containing 
0.4 unit of insulin per ml. The amount of glucose in the tissue 
before washing was calculated by adding the amount of glucom 
remaining in the tissue after the final wash to the amount whid 
appeared in the wash fluids. The extracellular space was cal 
culated either by adding raffinose as an indicator to the prepare 
tory incubation medium and measuring the amount which ap 
peared in the wash fluids, or by using an estimated averag 
space of 23.5 ml per 100 g of tissue. Raffinose was completely 
removed by two 10-minute washes. When raffinose was pret 
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two washes, although it may have been somewhat faster since 
the glucose molecule is smaller. In the absence of raffinose 
as an indicator, the extracellular glucose concentration was 
assumed to be the same as that in the wash fluid at the end 
of each wash period. The total tissue glucose remaining after 
each wash was found by subtracting the quantity of glucose in 
the wash fluid from the quantity present in the tissue before the 
wash. Intracellular glucose at the end of each wash period was 
determined by subtracting the amount of extracellular glucose 
from the total tissue glucose. 

Analytical Methods—Glucose was determined enzymatically 
with glucose oxidase, horseradish peroxidase, and o-dianisidine 
by a modification of the method described by Huggett and Nixon 
(4) on aliquots of incubation medium or barium hydroxide-sinc 
sulfate extracts (5) of tissues. Raffinose was determined with 
the resorcinol reagent of Roe et al. (6) on the tissue extracts. 
When the concentration of glucose in the incubation medium 
exceeded 11.1 ma, it was found necessary to apply a small cor- 
rection for this in the determination of raffinose. A correction 
was also used for a slight effect of very high concentrations of 
sorbitol upon the analysis of both raffinose and glucose. 
Glucose 6-phosphate was determined ensymatically (7) in 
neutralized perchloric acid extracts of muscle with glucose 6-phos- 
phate dehydrogenase and TPN under conditions wherein the 
presence of glucose, fructose 6-phosphate, glucose 1-phosphate, 
and oxidized glutathione did not interfere (8). Muscles were 
frozen in liquid nitrogen or in Freon-12 (dichlorodifluoromethane) 
that had been cooled to near its freezing point in liquid nitrogen 
(9). The frozen muscle was weighed, immersed again briefly 
in liquid nitrogen, and ground in a small volume of ice-cold 1.0 
nx HClO, The protein was removed by centrifugation, and an 
aliquot of the supernatant fluid adjusted to pH 7.2 with a solu- 
tion of KOH with phenol red as indicator. The potassium 
perchlorate which precipitated at 0° was centrifuged off, and a 
portion of the clear supernatant extract, usually 0.2 ml, which 
represented about 15 mg of muscle, was analyzed. 


Tissue Fluid Spaces—After incubation, muscles were blotted 
on filter paper that had been slightly dampened with incubation 
medium, and then weighed. The use of damp paper may have 
increased the measured extracellular space, but more uniform 
results for tissue analyses were obtained in preliminary experi- 
ments. 

The total water content was determined on isolated sartorii 
which had been soaked in cold Ringer’s solution overnight and 
then warmed for 1 hour at room temperature, by drying to con- 
stant weight at 95°. The mean and standard error for 20 de- 
terminations on winter frog muscles was 81.5 + 0.2 ml of water 
per 100 g, and essentially the same value was observed with 
summer frogs. 

Evidence has been presented (10, 11) that raffinose distributes 
itself in the extracellular space of rat muscle and can thus be used 
to measure the volume of this space. The average of 150 deter- 
minations of the raffinose space in sartorii of winter frogs after 
incubation in various experiments was 23.5 + 0.8 ml per 100 g 
of wet tissue. Frog sartorii resembled the isolated intact rat 
diaphragm preparation (11) in that raffinose reached its apparent 


The glucose 6-phosphate dehydrogenase, a preparation from 
yeast, was a gift from C. F. Boehringer und Soehne. 
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equilibrium of distribution within 5 minutes at 19°. The raf- 
finose space was not significantly different for incubation periods 
ranging from 30 minutes to 6 hours at either 19 or 29° in winter 
frogs, and was not altered by the presence of insulin in the 
countered in the raffinose space values for summer frogs. 

The intracellular water content of sartorii was calculated by 
subtracting the raffinose space from the total tissue water, to 
give an average value of 58 ml per 100 g of tissue. 

The amount of glucose in the extracellular space after incuba- 
tion was calculated by multiplying the raffinose content in micro- 
moles per gram wet weight of tissue by the ratio of concentration 
of glucose to raffinose in the medium. The intracellular glucose 
content, in micromoles per gram, was obtained by subtracting 
the amount of extracellular glucose from the total glucose per 
gram of tissue as determined by direct analysis. The concen- 
tration of glucose per milliliter of intracellular water was derived 
by dividing the intracellular glucose content by 0.58. 

Effect of Insulin on Intracellular Accumulation of Free Glucose— 
When frog sartorius muscle was incubated for 2 or 4 hours in the 
presence of glucose at 19°, a barely detectable amount of free 
glucose was found inside the muscle cells (Table I). When in- 
sulin was added to the incubation medium, glucose accumulated 
intracellularly in the course of 2 hours. Although there was a 
considerable spread in the values obtained at each insulin con- 
centration, the augmentation of intracellular glucose content 
was significant at all concentrations of insulin tested, down to 
10 unit per ml. An insulin concentration of 0.4 unit per ml 
was well above the concentration which produced a maximal 
effect, and this concentration was therefore used whenever a 
strong insulin effect was desired. The range of effective insulin 
concentrations is similar to that which has been reported to 
stimulate the uptake of glucose or synthesis of glycogen from 


I 


Accumulation of glucose in frog sartorius muscle at 
different concentrations of insulin 

Muscles from winter frogs were used. Experiments in a given 
series were performed within a few days of each other, and on a 
single shipment of frogs. Incubation was done at 19° in Ringer’s 
solution containing 11.1 wmoles of glucose and 8.4 amoles of raffi- 
nose per ml. Each result is expressed as the mean of measure- 
ments on four muscles, + the standard error of the mean. Values 
in the last column indicate the statistical significance of the 
difference between the means for the insulin effect at 10 unit 
per ml and the 2-hour control value without insulin. 


Series 


pmole/mi 
0.39 + 0.11 
0.39 + 0.22 


2.83 + 0.72 
4.67 + 0.61 
5.94 + 0.44 
6.56 + 1.06 
6.00 + 0.72 


0.01-0.02 


1.44 + 0.39 
5.11 + 0.28 
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0 W 2 28 30 3 40 45 
MINUTES 

Fic. 1. Distribution of glucose in sartorius without added in- 
sulin. Muscles of winter frogs were incubated at 19° in 3 ml of 
Ringer’s solution containing 11.1 wmoles of glucose and 8.4 wzmoles 
of raffinose per ml. The value at 5 minutes is the mean of deter- 
minations on four muscles; subsequent points are means of two 
assays each. 


* * * y 


HOURS OF INCUBATION 

Fic. 2. Glucose distribution in cell water. Winter frogs were 
used. Muscles were incubated at 19 or 29° for different intervals 
of time in 2 ml of Ringer’s solution containing 11.1 moles of 
glucose, 8.4 wmoles of raffinose, and 0.4 unit of insulin per ml. 
Each point is the average for four muscles. The curves are based 
on theoretical values for glucose accumulation at 19 and 29° 
according to calculations which are discussed in the text. 
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0 


4- 


27 / 
z 

Fic. 3. Effect of glucose concentration upon the rate of ac- 
cumulation of glucose. Muscles from 50 winter frogs were incu- 
bated at 19° for 1 hour in 5 ml of Ringer’s solution containing 0.4 
unit of insulin and 8.4 wmoles of raffinose per ml, and varying con- 
centrations of glucose. Muscles were distributed so that one mus- 
cle from each frog was incubated with a high and the other with 
a low concentration of glucose. The curve shows theoretical 


values of intracellular glucose which are obtained by calculations 
with use of a value of 6 mm for K., as described in the appendix. 


glucose in the isolated rat diaphragm, but is lower than the levels 
previously found to be effective in stimulating the respiration of 
frog muscle in vitro (1). 

Rate of Diffusion of Glucose into Extracellular Space—In Fig. 1 
is shown the rate of accumulation of glucose in muscle incubated 


at 19° in the absence of insulin. Within 5 minutes, glucoge 
reached an apparent volume of distribution of 23 ml / 100 g com. 
pared with a raffinose space of 23.5 ml/100 g, which indicated 
that the glucose concentration in the extracellular space had be. 
come equal to that in the medium. The glucose space remained 
unchanged during more prolonged incubation, in agreement with 
the experiment in Table I, in which intracellular accumulation 
did not occur in the absence of insulin. Although glucose did not 
enter the muscle by its normal route through the circulation, 
diffusion into the extracellular space of the relatively thin sarto. 
rius muscle was apparently rapid enough so as not to become g 
limiting factor for intracellular penetration. 

Accumulation of Intracellular Glucose—The time course of 
glucose accumulation in frog muscle cells at 19° in the presence 
of insulin with an external glucose concentration of 11.1 mais 
shown in Fig. 2. After a lag period of about 30 minutes, ae. 
cumulation commenced abruptly and continued, at a gradually 
decreasing rate, until the intracellular glucose concentration 
reached about 93% of the concentration in the medium. The 
concentration of glucose in the medium did not change appreci- 
ably during incubation, and it was found empirically that under 
these conditions the rate of penetration of glucose could be 
described in terms of a first order rate constant. This fact pe 
se cannot be used as an argument in favor of a particular mecha- 
nism of transport, since it is possible to fit the time course of 
glucose accumulation, within the limits of experimental variation, 
by equations derived from several different assumptions (see 
Appendix“). The empirical rate constant for penetration de 
creased with increasing concentration of glucose in the medium, 
which indicated that the kinetics was of the saturation type. 
The effect of concentration on the rate of penetration is shown 
in Fig. 3. Saturation-type kinetics has also been reported for the 
penetration of glucose into perfused rat heart muscle (12) and 
erythrocytes (13, 14). 

It will be convenient to discuss the rate of penetration in terms 
of a first order velocity constant. As an approximation, this 
may be calculated by means of the equation 


*K = * In ./ (X. 1) (1) 


in which z, is the concentration of glucose in the intracellular 
water at apparent equilibrium, and z is the intracellular concen- 
tration after a period of penetration, l. When an interval d 
0.5 hour was used for the lag period, the values of k’ given in 
Table II were obtained, with an average of 0.84 hour l. 


TABLE II 
Velocity constant for accumulation of intracellular 
glucose at 19° 
Experimental conditions were the same as for Fig. 2. Th 
time of incubation has been corrected by subtracting the hal. 
hour lag period. The calculation of k’ is discussed in the text. 


Period of penetration Velocity constant, 4 
hours hours™ 
0.25 0.8 
0.50 0.9 
1.5 0.7 
0.8 
3.5 1.0 
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Accumulation and utilization of glucose by muscle at 29° 
Winter frogs were used. The glucose concentration in the medium was 11.1 ma. Cumulative values, in micromoles of glucose per 
milliliter of intracellular water, are presented as the mean + the standard error of the mean. Eight muscles were used in Series A; 


values in the other series are average of four determinations each. 


Series Insulin Incubation Uptake from medium Total tissue glucose Utilization — —ů | — Penetration into cells 
snit/mi hours — — — — pmoles/ml 
A 0 6 12.9 + 1.6 4.3 + 0.3 8.6 + 1.6 0 +0.1 8.6 + 1.7 
B 0.4 0.25 7.124 0.2 5.3 + 0.2 1.8 + 0.3 0.5 + 0.2 2.3 + 0.3 
0.4 0.5 10.3 + 0.8 6.4 + 0.1 3.9 + 0.9 2.0 + 0.1 5.9 + 0.8 
0.4 1 16.6 + 0.2 9.2+0.3 7.4 *½ 0.3 4.6 + 0.3 12.0 + 0.6 
0.4 2.5 24.8 + 0.6 10.3 + 0.1 14.5 + 0.7 6.6 + 0.3 21.1 + 0.4 
0.4 4 34.7 + 0.6 12.2 + 0.2 22.5 + 0.5 6.4 + 0.4 28.9 + 0.9 
C 0.4 1 16.4 + 1.2 9.6 + 0.5 6.8 + 1.2 5.6 + 0.3 12.4 + 1.2 
0.4 4 34.6 + 0.6 11.9 + 0.2 22.7 + 0.4 6.6 + 0.4 29.3 + 0.1 
D 0.4 2.5 30.0 + 0.4 11.6 + 0.5 18.4 + 0.4 7.6 + 0.3 26.0 + 0.6 
0.4 6 51.0 + 1.1 11.7 + 0.2 39.3 + 1.2 7.6 + 0.3 46.9 + 1.0 


In the calculation just described, the low rate of glucose utiliza- 
tion which occurs at 19° was neglected. If the rate of penetra- 
tion is approximately proportional to the difference in concen- 
tration across the cell membrane, and the rate of accumulation 
of glucose within the cell is equal to the rate of penetration minus 
the rate of utilization, then 


dt 
in which a is the concentration of glucose in the external medium 
(approximately constant) and V, is the velocity of utilization of 
glucose by the hexokinase reaction. Here k’ represents the rate 
constant for influx, and the simplifying assumption has been made 
that it is equal to the rate constant for efflux during the accumu- 
lation of glucose. The muscles have been assumed to be com- 
posed of fairly uniform fibers with a constant ratio of average 
surface area to average cell volume, and the rates of influx and 
efflux have been expressed directly in terms of unit cell water 
content or tissue weight rather than in terms of unit cell surface. 
In the steady state, the rate of penetration balances the rate of 


phosphorylation: 
* (a 2) Vi (3) 


The amount of utilization of glucose was calculated by sub- 
tracting the amount of glucose found in the whole muscle at the 
end of incubation from the quantity which had disappeared from 
the medium. In a group of eight muscles that were incubated 
at 19° for 6 hours with insulin and 11.1 mm glucose, the rate of 
utilization was found to be 1.1 + 0.1 mmoles per liter of cell 
water per hour (mean and standard error of the mean), but meas- 
urements of utilization in this low range are subject to con- 
siderable experimental error. The final concentration of glucose 
in the medium was 10.3 ma, and the intracellular concentration 
was 9.0 mu. The value of k’ calculated by introducing these 
results into Equation 3 was 0.85 hour . Thus, this experiment, 
which was performed in a separate year from that in Fig. 2, 
supports the earlier data. 

When muscles were incubated at 29° in a medium containing 


insulin and 11.1 mm glucose, the lag in accumulation was short- 
ened to about 12 minutes (Fig. 2). The concentration of intra- 
cellular glucose reached about 66% of the external concentration 
after 2.5 hours of incubation and thereafter remained constant. 
Within the limits of the experimental procedure, the rate of 
utilization was essentially constant between 30 minutes and 4 
hours of incubation. For a given time period, glucose penetra- 
tion was calculated by adding the intracellular glucose content, 
in millimoles per liter of cell water, to the amount which had been 
utilized. Values for glucose penetration, utilization, and ac- 
cumulation are presented in Table III. 

In Series B of Table III, between 2.5 and 4 hours of incubation, ° 
5.3 mmoles of glucose were utilized per liter of cell water per hour. 
At 2.5 and 4 hours of incubation, the difference between the 
external and intracellular concentration of glucose remained 
constant at 3.8 mmoles per liter. By substitution of these values 
in Equation 3, a value of 1.4 hour is obtained for k’ at 29°. The 
Oi of penetration between 19 and 29° is thus 1.4/0.84 = 1.7. 
The Oi for penetration of D-xylose into isolated rat diaphragm 
in the presence of insulin has also been found to be 1.7 to 1.8 over 
the range of 27-37 (11). 

The lowest concentration of intracellular glucose which can be 
demonstrated with the methods used in these experiments is 
about 2 X 10-‘ M, which is about 25 times the K. observed in 
vitro for mammalian brain hexokinase (15).2 If frog muscle 
hexokinase in vivo has a similar K., and if the ensyme is freely 
accessible to a uniformly distributed pool of intracellular glucose, 
then it should be about 90% saturated when the intracellular 
glucose is only 10“ M. One can calculate from & that, 
in the absence of utilization, this concentration would be reached 
in less than 1 minute after the onset of penetration at either 19 
or 29°. That intracellular frog muscle hexokinase would be 
largely saturated with glucose at about this concentration is 


*The enzyme also requires ATP and Mg“ for activity, but 
these are apparently not rate-limiting even anaerobic con- 
ditions. Experiments in which frog muscle was incubated anae- 
robically at 29° for periods up to 6 hours showed no decrease in 
the rate of glucose u 
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present during incubation at 29°, an increase in the rate of utili- 
zation of glucose was evident within 15 minutes, concomitant 
with a rise in intracellular glucose from an undetectably low level 
to a measurable one. Thereafter, the rate of glucose utilization 
did not rise progressively despite an increase in intracellular 
glucose from 5 X 10-* M at 15 minutes to 6.6 x 10-* M at 2.5 
hours. Determination of the steady-state concentration of 
glucose 6-phosphate, an inhibitor of hexokinase, would also lead 
one to expect a constant rate of glucose utilization after a brief 
initial period of adjustment; this will be discussed further in a 
later section. 

tion of Equation 2 between time 0 and ¢ yields 

(4) 
A theoretical curve for glucose accumulation at 29° was con- 
structed with Equation 4 and the constants, k = 1.4 hour! 
and V/. = 5.3 mmoles per liter of cell water per hour, and was 
found to fit the experimentally observed concentrations of intra- 
cellular glucose (Fig. 2). A theoretical curve for accumulation 
at 19° has also been plotted by introducing the values k’ = 0.85 
hour-i and /. = 1 mmole per liter of cell water per hour into 
Equation 4 (Fig. 2). 

Examination of Equation 3 reveals that at a given concentra- 
tion of extracellular glucose the steady-state level of intracel- 
lular glucose, z, is governed by the ratio, Vi /K. When the rate 
of utilization is small in comparison with k’, Equation 4 reduces 
to the expression 

z= a(l — (5) 
which is another form of Equation 1. This limiting situation 
has been observed in ascites tumor cells, where poorly metab- 
olized compounds such as 3-O-methyl glucose, L-sorbose, and 
p-xylose penetrate the cells rapidly and reach an equilibrium 
concentration in the cells which is equal to the external concen- 
tration (16). For insulinized frog muscle at 19°, at an ex- 
ternal glucose concentration of 11.1 mm, the ratio, V,/k’ is 
around 1.2 ms, and the intracellular glucose concentration 


Tasie IV 
Accumulation and utilization of glucose by muscle of 
summer frogs 

Muscles from summer frogs were presoaked overnight in the 
cold room in Ringer’s solution and then incubated at 19 or 29° in 
2 ml of Ringer’s solution containing 11.1 wmoles of glucose, 8.4 
umoles of raffinose, and 0.4 unit of insulin per ml. Results are 
expressed as the mean + the standard error of the mean, in 
micromoles of glucose per milliter of intracellular water per 
incubation period. 


Period Intracellular 
hours pmoles/mi pmoles/mi umoles/ 
0.5 19° 4 —0.2 & 0.1 

2 19° 4 3.2+0.3 

4 19° 4 6.6 + 0.2 

6 19° 4 7.7 & 0.3 

2.5 29° 6 10.5 + 2.2 2.4 & 0.5 12.9 + 2.0 
3 29° 4 12.2 + 0.5 6.2 & 0.4 18.4+0.3 
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reaches a level that is about 90% of the external concentra. 
tion (Fig. 2). In muscle incubated with insulin at 29°, / 
is 3.8 ma, and the steady-state concentration of intracellular gu- 
cose is only about 66% of the external concentration. 

The observations presented here suggest that a significant 
effect of insulin on frog skeletal muscle is to accelerate the pene- 
tration of glucose into the cells (cf. 17); the increase in phos. 
phorylation which also occurs could be a consequence of a more 
abundant supply of substrate for hexokinase. When the rate 
constant for penetration, k’, is very small relative to the apparent 
maximal rate of utilization, Ji, the steady-state level of intra- 
cellular glucose might become rate-limiting for the hexokinase 
reaction. The range of intracellular glucose concentrations of 
particular interest for the hexokinase reaction is between 2 x 
10 and 2 X 10-5 M, for the activity would change 4-fold within 
these limits. Unfortunately, this region of low concentrations 
cannot be explored directly with the present techniques. For 
frog muscle incubated with glucose at 29° in the absence of 
added insulin (Table III), the steady-state concentration of 
glucose within the cell would have to be about 3 x 10-* mw in 
order to give the rate of utilization, 1.4 mmoles per liter of cell 
water per hour, which is observed. Since under these condi- 
tions k’ equals the rate of utilization divided by the external 
concentration of glucose, k’ = 0.13 hour-'. The effect of in. 
sulin is to increase k’ 11-fold and utilization 4-fold. The rela- 
tively greater increase in the rate of penetration than of utili- 
zation accounts for the observed accumulation of free glucose 
within the cell. It should be noted that if the level of intra- 
cellular glucose is far below the analytically detectable concen- 
tration, then an increase in the rate of penetration can occur 
without the appearance of free glucose within the cell even 
though phosphorylation increases. This seems to be the sit 
uation in mammalian skeletal muscle (18), which has a greater 
phosphorylating capacity (19) than frog muscle. 

Summer Frogs The well known seasonal changes in the metab 
olism of frogs made it desirable to compare “summer” and 
“winter” frogs. Measurements of glucose uptake were much 
more variable in summer frogs, but it is clear from the data ia 
Table IV that the rate of accumulation of intracellular glucose 
at 19° in the presence of insulin was markedly slower in summer 
than in winter. Thus, the value of k’, the rate constant for 
penetration, was 0.23 hour-!, in contrast to 0.84 hour for winter 
frogs. Similarly, at 29° k’ was about 0.4 hour-! for summer 
frogs as compared with 1.4 hour-i in winter. On the other hand, 
the rate of utilization at 29° was about 4.2 mmoles per liter of 
cell water per hour in summer, which is only 25% lower than the 
value in winter. This indicates that the seasonal change con- 
cerns mainly the permeability of the cellular membrane. I 
would be of considerable interest to determine what factors are 
responsible for such large changes in permeability. 

Glucose 6-Phosphate Concentrations—A complete descriptics 
of the processes which govern the steady-state level of intn- 
cellular glucose requires consideration of the concentration d 
glucose 6-phosphate. Once glucose accumulation sets in, th 
hexokinase reaction should proceed at a linear rate, provided 
the concentration of glucose 6-phosphate, which inhibits the re 
action noncompetitively (20, 21), reaches a steady state within: 
short time. From Table III it might be inferred that such is the 
case, but it seemed desirable to test this supposition directly. 

A number of preliminary experiments were carried out in orde 
to determine under what conditions true resting values for the 
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glucose 6-phosphate concentration in muscle could be obtained. 
It was found essential to freeze the muscles as rapidly as possible, 
and this was accomplished by the use of liquid nitrogen or of 
Freon-12 (9) precooled with liquid nitrogen. Another essential 
condition was to allow sufficient time for recovery from the 
trauma of dissection. This was done by presoaking the muscles 
overnight in Ringer’s solution at 3°. The effect of omitting this 

ure is shown in Table V. Although these frogs were kept 
at 3° before use and the muscles were frozen immediately after 
dissection, the glucose 6-phosphate values were 20 times greater 
than those obtained in presoaked muscles. 

Table VI shows that when muscles were incubated at 19° in 
Ringer’s solution alone for periods up to 2 hours, no essential 
change in the concentration of glucose 6-phosphate occurred. 
When the paired muscle was incubated in Ringer’s solution 
containing glucose plus insulin, an increase in the level of glucose 
6-phosphate was demonstrable after 20 minutes of incubation 
and persisted for 2 hours. The new steady-state level of glucose 
6-phosphate is to be attributed to the penetration glucose. 

At 29° the results were similar, except that incubation in 
Ringer’s solution alone caused an increase in the glucose 6-phos- 
phate level, probably because of a greater rate of glycogenolysis 
at the higher temperature. The addition of glucose plus insulin 
again caused the rapid attainment of a higher steady-state con- 
centration of glucose 6-phosphate. 

When sartorii were incubated at 29° in Ringer’s solution con- 
taining glucose but no insulin, some utilization of glucose occurred 
(Table III, Series A), and this was reflected in a steady-state 
concentration of glucose 6-phosphate (Table VI, Series D) which 
was higher than after incubation in Ringer’s solution alone 
(Table VI, Series C), even though free glucose was not demon- 
strable in the cells under these conditions (Table III). The 
further increase in the level of glucose 6-phosphate upon addition 
of insulin as well as glucose is probably a reflection of saturation 
of hexokinase with glucose, as discussed in an earlier section. It 
is clear that the intracellular concentration of glucose 6-phosphate 
is the resultant of the rates of formation and removal of this 
intermediate along several different pathways, and is therefore 
only roughly correlated with the rate of phosphorylation of 


glucose. 

The values shown in Table VI are to be compared with a K; 
value of glucose 6-phosphate for mammalian brain hexokinase 
in vitro of 4 X 10-*m (21). The steady-state level at 29° in the 
presence of glucose and insulin is about half of this value, and 
accordingly the hexokinase reaction would be moderately in- 
hibited if this were also the X. for intracellular hexokinase of 
frog muscle and if the total concentration of glucose 6-phosphate 
measured in muscle were in contact with the enzyme and ho- 
mogeneously distributed within the cell water. It is of interest 
to consider that when the hexokinase system is saturated with 
glucose, variations in the rate of glucose penetration may have 
little further effect upon the rate of phosphorylation, whereas the 
activity of hexokinase might still be influenced by changes in the 
concentration of glucose 6-phosphate. The validity of Equa- 
tions 3 and 4 is not affected by the presence of glucose 6-phos- 
phate as long as this component attains an early steady state and 
remains constant during the experimental period, as has been 
found to be the case, for under these conditions Vi, the rate of 
phosphorylation, will remain constant. 

Lag Period—Fig. 1 shows that only a few minutes are required 
for glucose to reach the cell surface by diffusion in the extracel- 
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lular space. There is then an apparent delay at the cell mem- 
brane before penetration sets in, which amounts to almost 30 
minutes at 19° and 12 minutes at 29° (Fig. 2). Calculations 
based on a & of 0.8 hour at 19° (Table II) indicate that a 
detectable amount of glucose should have accumulated intra- 


TaBLe V 
Effect of soaking in cold Ringer’s solution upon glucose-6-P 
content of muscle 

Sartorius muscles of summer frogs were frosen in Freon-12 
either immediately after dissection or after soaking in Ringer’s 
solution at 3° for about 15 hours. Perchloric acid extracts were 
assayed enzymatically. The mean concentrations of glucose-6-P 
per milliliter of intracellular water and the standard errors of the 
means are given. 


Condition — 2 Glucose-6-P 
pmole/mi 
Freshly dissected.............. 4 0.86 + 0.07 
Soaked in cold Ringer s. 5 0.043 + 0.007 
TaB.e VI 


Glucose-6-P content of muscle after incubation in Ringer's 
solution with or without glucose and insulin 

Sartorii of summer frogs were presoaked overnight in Ringer’s 
solution at 3°, and then incubated in 3 ml of Ringer’s solution, 
with (+) or without (—) the addition of glucose, II. I smoles per 
ml, and insulin, 0.4 unit per ml, at either 19 or 29° for various time 
intervals. At each temperature and period of incubation, the 
effect of adding glucose and insulin was tested in paired muscles. 
After incubation, the muscles were frozen in liquid nitrogen and 
extracted with 1.0 n HClO,. The mean value of glucose-6-P is 
given, and the standard error is shown when four or more deter- 
minations were carried out. 
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cellularly within 3 minutes of penetration if there were no lag 
period. With the more sensitive determination of the level of 
intracellular glucose 6-phosphate, an onset of glucose penetration 
could be detected after about 20 minutes of incubation at 19° in 
the presence of glucose plus insulin (Table VI). 

Experiments designed to study the effect of preincubation on 


TasLE VII 


Effect of preincubation upon lag period of penetration 

Muscles from winter frogs were preincubated for 30 minutes 
in 5 ml of Ringer’s solution with or without the addition of glu- 
cose, 11.1 amoles per ml, or insulin, 0.4 unit per ml, or both. All 
muscles were then incubated for 30 minutes in 5 ml of fresh 
Ringer’s solution containing 11.1 wmoles of glucose, 8.4 umoles of 
raffinose, and 0.4 unit of insulin per ml. Preincubations and 
incubations were done at 19°. Glucose concentration is expressed 
as the mean + the standard error of the mean. 


| 
umoles/mi 
Z 8 —0.06 + 0.17 
Ringer’s alone............. 4 0.8 +0.1 
bb 4 1.1 & 0.1 
Z 8 2.1 & 0.2 
Glucose + insulin 8 3.4 +0.2 
TABLE VIII 
Efflux of glucose from muscle at 19° 


Series A. Muscles from winter frogs were incubated for 4 
hours with 20 wmoles of glucose, 8.4 wmoles of raffinose, and 0.4 
unit per ml of insulin in Ringer’s solution and then washed with 
5 portions of Ringer’s solution containing insulin and 28.4 wzmoles 
of sorbitol per ml. At each transfer, tissues were blotted on 
paper moistened with the fluid in which they had just been bathed. 
Intracellular glucose was calculated as described under ‘‘Experi- 
mental Procedure.“ The first order rate constant for efflux, ke, 
was calculated separately for each wash period. Each result is 
the mean of 6 values + the standard error of the mean. 

Series B. The preparatory incubation was for 3 hours in 
Ringer’s solution containing insulin and 20 mm glucose but no 
raffinose. Muscles were washed with 20 mm raffinose in Ringer’s 
solution. Tissues were blotted only before the first wash and 
after the final wash. Values are the means of three determina- 
tions. 


Wash 
Se- Final glucose Intracellular 
2 ume ation 
mi | min mM mM hour™ 
41 0 18.3 + 0.7 
1 | 5 100. 139 + 0.009 | 15.1 +1.0 1.13 + 0.06 
283100. 079 + 0.005 11.7 +0.2 1.55 + 0.09 
3210 0.086 + 0.004 | 8.4724 0.11 | 1.91 + 0.06 
4220 0. 106 4 0.005 4.4 & 0.09 1.94 & 0. 10 
5220 0.059 & 0.004 2.25 & 0. 18 2.06 & 0.12 
B 0 15.1 & 0.4 
165100. 114 4& 0.006 12.8 4& 0.5 0.99 & 0. 38 
2210 0.094 & 0.005 9.4 4 0.5 1.87 + 0.09 
32 100.068 20.005 6.98 & 0.39 | 1.78 + 0.05 
4220 0.090 & 0.007 | 3.67 + 0.28 | 1.93 + 0.09 
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the lag period are shown in Table VII. Preincubation in 
Ringer’s solution alone or in Ringer’s solution plus glucose for 39 
minutes had a slight effect on the lag period. Preincubation 
with insulin alone had a considerably greater effect, but the lag 
period was not abolished. This indicates that the change in 
membrane permeability occurs faster when both glucose and 
insulin are present than when insulin is present alone. 

It seems probable that the lag period represents the time 
required for the cell membrane to respond to insulin. A tem. 
perature coefficient greater than 2 is indicated by the fact that 
at 29° the lag period for glucose accumulation is shortened by 
more than one-half. 

Efflux of Glucose from Muscle—It was of interest to determine 
the rate of transport of glucose across the muscle cell membrane 
in the absence of an opposing flux. Muscles which had been 
allowed to accumulate glucose during a preparatory incubatioa 
with insulin, raffinose, and 20 mm glucose at 19° were rinsed with 
several changes of Ringer’s solution containing insulin and 
sorbitol (Table VIII, Series A). Sorbitol was chosen as ag 
osmotic agent to replace glucose and raffinose because it has been 
shown not to penetrate heart muscle (22). The first order rate 
constant, kr, for efflux of glucose was found to be lowest during 
the initial wash period, which is probably due to the fact that the 
extracellular space of the muscles contained an appreciable 
amount of glucose from the original incubation medium. This 
extraneous glucose should have been completely removed by 
the end of the second 10-minute wash, as judged by the ef. 
fective washing out of raffinose within this time. Thereafter, 
the contribution by extracellular glucose was negligibly small 
and the quantity of glucose appearing in each wash was equivs- 
lent to the amount of efflux. Thus, the efflux during the last 
three periods of washing could be measured with a high degree 
of accuracy. Furthermore, since consecutive measurements 
were made on the same muscle, errors caused by individual 
variations among frogs were minimized. In another experiment 
(Table VIII, Series B) the incubation period for glucose accumy 
lation was shortened to 3 hours, and raffinose was used as the 
osmotic agent in the wash fluids in place of sorbitol. Blotting 
was also omitted at transfers between washes in order to avoid 
possible stimulation of the muscles by this procedure. 

During the last three washes k: remained constant, whereas 
the intracellular concentration of glucose decreased from 11.7 to 
2.25 m. This result differs from the saturation type of kinetia 
shown in Fig. 3 for the accumulation of glucose in this range ud 
concentrations. Although considerable experimental variation 
was encountered in measurements of glucose accumulation during 
a l-hour period of incubation in different muscles, the data in 
Fig. 3 are consistent with a K., value for penetration that i 
about 6 mm. In addition, ks, the rate constant for exit, was 
significantly greater than the rate constant, k’, for penetration, 
which was determined at 19° at an external glucose concentration 
of 11.1 mu? 

An analysis presented in the appendix shows that these ap 
parent contradictions may be resolved by certain assumption 


concerning the manner in which glucose is transported acros 


the cell membrane. It is of interest that the accumulation d 
galactose by Escherichia coli appears to involve an active tram 


It seems unlikely that the rapid efflux represents damage t 
the cell membrane caused by prolonged incubation because in- 
cubation for 6 hours at a 10° higher temperature was not associated 
with any evident increase in permeability to glucose (Table III. 
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port system which exhibits saturation kinetics, whereas efflux 
behaves like a separate first order process (23, 24). 


APPENDIX‘ 


Mathematical Analysis of Kinetics of Glucose Transport Across 
Frog Muscle Cell Membrane—The finding of saturation-type 
membranes such as those of erythrocytes (cf. 13, 14) has given 
rise to the hypothesis that the transport process may involve the 
formation of a sugar-carrier complex which passes across the 
membrane more readily than the sugar itself. By analogy with a 
reversible enzymatic reaction involving a single substrate, one 
might describe transport in the following manner: 

Si ＋ Ci = SC, SC: =— C. + S. 

in which Si is the sugar on the outside of the cell, S. is the sugar on 
the inside of the cell, Ci is the carrier when it is at the outer sur- 
face of the membrane, C; is the carrier when it is at the inner 
surface of the membrane, S,C, is the complex of sugar and 
carrier at the outer surface of the membrane, and S.: is the 
complex at the inner surface of the membrane. 

If it is assumed that the concentration of the complex, S. Ci, 
and the rate constant for its movement across the membrane 
are the limiting factors for the rate of influx, and that the con- 
centration of S.: and its rate of transport determine the rate of 
efflux, then, in the absence of utilization, the rate of net transport, 
v, is equal to the rate of influx minus the rate of efflux: 


(6) 


. — on 
S1 8. S1 8 


in which Ki is the Michaelis constant for Ci with respect to S,, 
K: is the Michaelis constant for C: with respect to S:, Vi is the 
maximal velocity of influx, and V: is the maximal velocity of ef- 
flux. This is a formulation which has been shown (25) to apply to 
a reversible unimolecular enzyme-catalyzed reaction. It implies 
that the back reaction, the combination of S; with C, competes 
with the forward reaction by causing a decrease in the amount 
of free carrier which is available for combination with 81. Wil- 
brandt (26), in studies on the transport of glucose across the 
membrane of human red blood cells, has observed a strikingly 
pronounced effect of the concentration of sugar on the side 
towards which the penetration is On the other 
hand, if the competitive effect of the back reaction is neglected, 
Equation 7 assumes a form which is more commonly used to de- 
scribe the transport of sugars across cell membranes 


VS: 


(7A) 


Then, replacing Si and S; by a and z, respectively, the symbols 
used in Equations 2 through 5, 


‘The authors are grateful to Dr. Carl Frieden for helpful sug- 
gestions on this section of the manuscript. 
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At equilibrium, the rate of influx equals the rate of efflux, and 
the experiments on glucose accumulation at 19° suggest that 
S, = Si in the absence of utilization. Therefore, 


Ks 
ork, = ky Hence 
00 
171 


In terms of these equations, one interpretation of the data of 
the efflux experiments would be that K; is considerably larger 
than K,. This might be the case if the membrane were not 
symmetrical, for the rate of formation and dissociation of a 
complex could be influenced by the nature of its environment. 
When a, the concentration of glucose in the medium, is held at a 
moderately high level, as in the experiments on glucose accumu- 
lation, z/K; may be considered negligible and Equation 10 be- 
comes 


ks 


a 

17 
Under experimental conditions in which the concentration of 
glucose in the medium, a, is held constant, this can be combined 
with the other constants into a new constant, k’: 


v = k’ (a — 2) (12) 


The addition of a term for utilization of glucose yields Equation 
2, which has been found to fit reasonably well the experimental 
data on the accumulation of glucose in frog sartorii. 
Equation 11 predicts that the value of k’ will decrease with 
increasing concentrations of a, in agreement with the observa- 
tions shown in Fig. 3. 
For the efflux experiments (Table VIII), in which the external 
glucose concentration was kept very low, Equation 11 becomes 
v= (13) 
This is in accord with the experimental finding that the rate 
constant for efflux does not appear to vary with moderate 
changes in z, the concentration of intracellular glucose. 
It follows from the definition of k’ in Equations 11 and 12 that 
the Michaelis constant for influx is 


kK 


(11) 


(14) 


ks 

If the values, k. = 2.0 hour and k’ = 0.84 hour=', which were 
determined for sartorii at 19° are substituted in Equation 14, and 
if a = 11.1 mn, then K; = 8mm. Calculations based upon the 
data of Fig. 3 yield an average K, of about 6 mm, and the theo- 
retical curve in Fig. 3 shows the values of z which would be ex- 
pected according to Equation 5 when k’ is replaced by its equiva- 
lent expression, EK. /K. +, with values of 2.0 hour for k; and 
6 mm for K;. 

Although the carrier hypothesis has been useful for inter- 
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preting the observation of saturation-type kinetics in the trans- 
port of sugars across certain cell membranes, Stein and Danielli 
(27) have pointed out that passage of sugars through membrane 
pores with appropriate characteristics could also account for such 
kinetics. Even if a carrier is postulated, since the individual 
rate constants for the reactions shown in Equation 6 are not actu- 
ally known, the exact kinetic meaning of the Michaelis and max- 
imal velocity constants remains uncertain. 


cose utilization was 4.0. Consequently, the steady-state concen- 
tration of glucose was lower at 29° than at 19°. 

Muscles from summer frogs showed a much lower rate of 
penetration of glucose in the presence of insulin than did muscles 
from winter frogs, whereas the rate of glucose utilization in the 
former was only slightly lower. 

When the rate of glucose accumulation was studied at in- 
creasing levels of glucose in the medium, kinetics of a saturation 


The experimental data are not adequate to decide whether or 
not K. is much greater than K under conditions in which 
glucose is simultaneously entering and leaving the cell in ap- 
preciable amounts as in the experiments on accumulation. 
Equations 7 and 7A, with appropriate values of K, equal to Ks, 
and V, equal to V2, could fit the data on accumulation as well 
as Equation 11; the equations for a symmetrical transport 
system of this nature would not, however, describe properly the 


type was observed. In contrast, the efflux of glucose from 


‘muscle against a very low concentration in the medium behaved 


like a first order process, and the rate constant for efflux was 
found to be greater than the rate constant for penetration at 
comparable glucose concentrations. This finding is discussed 
in terms of hypothetical models of glucose transport across 
membranes. 
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It has been shown that the polyunsaturated fatty acids of 
the animal body are formed by a process in which dietary or 
biosynthetic unsaturated acids are altered by the addition of 
double bonds in the divinyl methane relationship between the 
existing double bonds and the carboxyl group. Chain lengthen- 
ing by addition of acetate to the carboxyl end of the molecule 
permits the formation of additional double bonds. Thus, dietary 
linoleic acid is the parent compound of a series of polyunsat- 
urated acids with the terminal structure (CH, (CH) CH-) 
(1-3), and dietary linolenic acid gives rise to a family of polyun- 
saturated acids with the terminal structure (CH;—CH;—CH=) 
(4, 5). It has recently been shown that oleic and palmitoleic 
acids may give rise, respectively, to polyunsaturated acids with 
terminal structures (CH;(CH;:);—CH=) and (CH;(CH:);— 
CH=) (6). Further extension of what would therefore appear 
to be a general type of metabolic transformation leads, to the 
plausible expectation that linoleic acid could be f formed from 
nor known to be synthesised by the animal body to any ap- 
preciable extent. 

Both Turpeinen (7) and Thomasson (8) have reported that 
this acid does not cure the symptoms of essential fatty acid 
deficiency. However, their method of preparation (from dehy- 
drated castor oil) leaves some doubt that the acid tested ac- 
tually consisted principally of cis-12-octadecenoic acid. The 
synthesis of this acid containing carbon-14 in the carboxyl group 
and its testing as a precursor of linoleic acid were therefore 
undertaken. Since these experiments necessarily involved the 
sf isolation, purification, and degradation of several of the fatty 
acids synthesized from the fed acid or from its degradation 
products, insight was also obtained into the biosynthesis of octa- 
decadienoic acids other than linoleic. 


Synthesis of cis- Octadecenoic- -C Acid—Total synthesis of 
12-octadecenoic-1-C™ acid (m. p. 46.2-47.0°) was accomplished 
by adaptation of the method used by Huber (9) to prepare 
the unlabeled compound. Gas chromatography' was used rou- 


and the University of 


Gas- chromatographic analyses and fractionations were carried 
out as previously described (6) except that separations were im- 
proved considerably by the use of 1,4-butanediol-succinate poly- 
mer rather than diethylene glycol-adipate polymer as the sta- 


tinely to follow the purification of various intermediates and to 
check the homogeneity of the final product. The carboxy-la- 
beled acetylenic acid was converted to cis-12-octadecenoic-1-C™ 
acid by semi-hydrogenation over quinoline-poisoned palladium- 
on-barium-sulfate (10). The cis - 12 -octadecenoic - 1 CW acid 
(m.p. 27.7-28.2°) thus obtained contained 2.8% stearic acid as 
a contaminant arising from over-hydrogenation. Infrared anal- 
ysis of the methyl ester revealed the presence of about 1% 
of trans-12-octadecenoic acid, apparently formed during semi- 
hydrogenation. 
Treatment of Animals Five 350-g male albino rats, which had 
been maintained on Rockland rat diet? from weaning, were given 
orally a total of 0.75 mc (2.21 mmoles) of methyl cis-12-octa- 
decenoate-1-C* diluted with 2.0 g of methyl myristate. After 


described previously (6) to yield 29.5 g of fatty acids contain- 
— — — Crystallisation of 

the fatty acids (29.1 g) from 470 ml of acetone at —55° gave 
precipitate F- (19.6 g) and a soluble fraction, F-2, containing 


consisting of about 20% Cis monoenoic, 75% Cis dienoic, and 
5% Cis trienoic acids, together with a trace of an acid ten- 
tatively identified as Cie dienoic. Octadecadienoic acid (sam- 
ple I, 311 mg) of better than 99% purity was obtained by 
liquid-liquid reversed phase partition chromatography (6) of a 
505-mg sample of F-3. — —-— 
tected in the sample, but there appeared to be a trace of a 
Cis trienoic acid. A portion of I (98 mg) was hydrogenated 
over 5% palladium on charcoal and was saved for 

A second portion (180 mg) was crystallised from 30 ml of n- 


tionary phase, and by substitution of a 10-foot by }-inch (inner 
diameter) column for analyses. A 5-foot by }-inch column was 
retained for fractionation because of its greater load capacity. 
All columns were purchased from Wilkens Instrument and Re- 
search Company, Inc. 

* Purchased from A. E. Staley Manufacturing Company, De- 
catur, Illinois. 
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low temperature crystalli- 
sation from acetone 


F-2, filtrate fatty acids 


+F-1, precipitate fatty acids 


(1) crystallization from acetone 


| gas chromatography (2) reversed-phase chromatography 
F-3, Cis unsaturated fatty acids Stearic acid 
degradation 
crystallization with in- 
noic acid Margaric acid Benzoic acid 
Octadecadienoic acid (sample I) 
from heptane F-4, Cis unsaturated fatty acids, free from cis- Cu 
| acid 
i Octadecadienoic acid (sample II) reversed-phase chromatography 
Mother liquors 
Octadecadienoic acid (sample III) 
(1) hydrogenation 
bromination 
(2) degradation 
Tetrabromostearic acid bromination oxidation 
. Dicarboxylic acids 
Margaric acid Benszoic acid 
9, 10, 12, 13-chreo, threo-Tetrabromostearic acid 
(sample IV) 
Pentane - soluble tetrabromides (sam- 
ple V- A) 
chromatography 
Methyl tetrabromostearate (sample 
V- B) 
debromination 
Octadecadienoic acids (sample 
V-C) 
permanganate 
oxidation 
Dicarboxylic acids 


Fig. 1. Flow chart for isolation and treatment of various octadecadienoic acid fractions 


heptane at —78°, but most of the microcrystals thus obtained 
passed through the sintered glass filter stick used to draw off 
the solvent. The fraction of crystals which remained (sample 
II, 52 mg) still contained the trace Cis trienoic acid, although 
there was some loss (19%) in specific activity. The crystals 
were hydrogenated and saved for degradation, and the mother 
liquor acids were brominated at 0° in pentane. The solid tet- 
rabromostearic acid (130 mg) which precipitated was recrys- 
tallized three times from 10-ml volumes of ethylene chloride 


at —12°. The tetrabromostearic acid obtained from the third 
crystallization had a specific activity less than 12% of that of 
the unbrominated octadecadienoic acid. It was obvious from 
this preliminary result that linoleic acid, which made up the 
bulk of the octadecadienoic acid sample, contained at most 8 
small fraction of the total activity. Three considerations could 
be advanced to account for the extraneous Ci“ activity. It 
might have been due to small amounts of one or more Cy 
dienoic acids isomeric with linoleic acid, to the trace of Cu 
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trienoic acid present in the sample, or to contamination of the 
sample with an undetectable trace of the extremely active fed 
cis-12-octadecenoic acid. 

Investigation of Possible Contamination by 12-Octadecenoic Acid 
The remaining Cis unsaturated fatty acids (F-3, 1.1 g) were 
dissolved in 160 ml of acetone containing 2.0 g of unlabeled 
cis-12-octadecenoic acid. The solution was cooled to —60° and 
the crystals (2.2 g), containing essentially all the cis-12-octa- 
decenoic acid, were collected, counted, and discarded. The sol- 
uble acids (F-4, 910 mg) were then fractionated in two batches 
on the liquid-liquid reversed phase column in a manner identical 
to the fractionation of F-3, to obtain octadecadienoic acid (sam- 
ple III, 583 mg) of better than 97% purity. Again the trace 
of trienoic acid was present. Table I shows the Ci“ activities of 
the various fractions obtained by crystallization and chroma- 
tography. It will be noticed that although the Cis unsaturated 
fatty acids (F-3) showed a 20-fold drop in specific activity after 
treatment with unlabeled cis-12-octadecenoic acid, samples I and 
III, derived respectively from F-3 and F-4, have essentially the 
same specific activity. Thus, the extraneous activity in these 
fractions could not have been due to contamination with cis- 
12-octadecenoic-1-C™ acid. 

Degradation of Octadecadienoic and Stearic Acids Before fur- 
ther attempts were made to determine the source of the Ci 
activity in the octadecadienoic acid fractions, it was desirable 
to know the relative distribution of activity between the carboxy] 
carbon and the other 17 carbons of the fatty acid chain. For 
this purpose the hydrogenated sample of I was degraded, by 
a modification of the method of Dauben et al. (1, 11), to mar- 
garic acid and benzoic acid, the carboxyl carbon of which rep- 
resented carbon 1 of the original octadecadienoic acid. A hy- 
drogenated sample of II and a sample of stearic acid (isolated 
by liquid-liquid reversed phase chromatography of a portion 
of the saturated acids obtained by crystallization of F-1 from 
120 ml of acetone at 0°) were similarly degraded. The results 
of the degradations are revealed in Table II. The activity of 


Taste I 
C™ activity of various fractions obtained by crystallization 
and chromatography 
Fraction Activity“ 
d.p.s./mg. | d. p. 

Total fatty acids. 41.8 
F-1 (saturated + oleic ))) 22.9 
F-2 (unsaturated 79.2 
F-3 (unsaturated Cis).................. 140.0 39.37 
F-4 (unsaturated Cis free from cis-12- 

octadecenoic-1-C"* acid).............. 6.78 1.907 
Octadecadienoic acid (sample l) 3.28 0.92 
Octadecadienoic acid (sample II!) 2.67 0.75 
Octadecadienoic acid (sample III). .... 3.21 0.90 


* All counting was performed with the single channel room 
temperature liquid scintillation counter described by Hodgson, 
Gordon, and Ackerman (17). At 1150 volts, sensitivity was 
77.0 + 0.2%. Samples were dissolved in 5 ml of toluene contain- 
ing 5 g phenylbiphenyloxadiazole and 0.10 g of 1,4-bis-2-(5-phen- 
yloxazolyl)-benzene per liter and were counted in 3-dram vials. 
Tetrabromostearic acid and the various dicarboxylic acids were 
converted to the methyl esters for counting, since the free acids 
are relatively insoluble in the scintillation medium. 

t Calculated as octadecadienoic acid. 
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II 


Ci activity of degradation products of octadecadienoic and stearic 
acids obtained by procedure of Dauben (1, 11) 


Sample Activity 
d. p. i. ole 

Benzoic acid (carbon atom 1 of sample ij) 0.90 
Margaric acid (carbon atoms 2-18 of sample I)........ 0.12 
Benzoic acid (carbon atom 1 of sample II)............ 0.64 
Margaric acid (carbon atoms 2-18 of sample II)) 0.27 
7.15 
Benzoic acid (carbon atom 1 of stearic acid)......... 6.72 
Margaric acid (carbon atoms 2-18 of stearic acid)... .. 0.76 


the last 17 carbon atoms of stearic acid illustrates the amount 
of incorporation of C acetate into the major nonessential fatty 
acids of the tissues (i.e. oleic, palmitic, and palmitoleic acids).* 
Isolation of Pure Linoleic Acid as Higher Melting 9, 10, 18,18. 
threo , threo-T etrabromostearic Acid Regardless of whether the ex- 
traneous label in the octadecadienoic acid fractions was due to 
highly active Cys trienoic acid or to isomers of linoleic acid, pure 
linoleic acid could be readily obtained by isolating and purifying 
it as the higher melting 9, 10, 12, 13-threo , threo-tetrabromostearic 
acid derivative. Therefore, a sample of octadecadienoic acid 
(III) was brominated in the following manner.“ Bromine (396 
mg) was placed in a 10-ml conical centrifuge tube, and 5.5 ml 
of carbon tetrachloride were carefully layered on top. The tube 
was cooled to 0° and approximately 325 mg of III were layered 
above the carbon tetrachloride. The three layers were then 
rapidly mixed with a stirring rod and the solution shaken at 
once with aqueous bisulfite to remove excess bromine. After 
removal of the aqueous phase, the organic layer was washed 
several times with water, dried over anhydrous magnesium sul- 
fate, filtered, and freed from solvent to yield about 700 mg of 
total tetrabromide. This was extracted with two 10-ml volumes 
of pentane to remove the pentane-soluble isomers, leaving as 
a white, amorphous residue 304.1 mg of the higher melting 9, 10,- 
12, 13-threo,threo-tetrabromostearic acid (m. p. 113.0-113.6°). 
After six crystallizations at —12° from 10-ml volumes of 82% 
acetone-water, the radioactivity and melting point were con- 
stant. The final product, 180 mg of pure 9,10,12,13-threo,- 
threo-tetrabromostearic acid (sample IV) melted at 115.4—115.5°. 
The tetrabromide in the mother liquor from the sixth crystal- 
lization had the same melting point and specific activity (Table 
III). Because of the low activity of IV, no attempt was made to 
determine the distribution of label in the carbon chain. 


The relatively high activity of the carboxyl carbon of stearic 
acid is probably due to the small amount of stearic-1-C" acid fed 
as a contaminant along with cis-12-octadecenoic-1-C™ acid. It 
should be noted, however, that hydrogenation in vivo of the fed 
monoenoic acid cannot be ruled out. 

‘This method was developed by Dr. D. R. Howton of this lab- 
oratory and was found by him and by the authors to be superior 
to bromination accomplished by the dropwise addition of bromine 
to petroleum ether or carbon tetrachloride solution of the unsat- 
urated acid, in that it appears to minimize over-bromination. 

The acetone-water system was found to be superior to ethylene 
chloride for purification of the tetrabromide when the starting 


material were present, however, 
there was a tendency for the material to precipitate as an oil. 
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Tant III 
Cie activity of various fractions obtained by bromination of 
octadecadienoic acid, sample III 


Sample Activity 
d. p. i. ole 
9, 10, 12,13-threo, threo-Tetrabromostearic acid (sam- 
Pentane soluble tetrabromides (sample V-A) 1.53% 
Methyl tetrabromostearate (sample VB) 0.6-0.7 


* Calculated as methyl tetrabromostearate. 


Purification of Pentane-Soluble Tetrabromostearic Acids and Re- 
generation of Octadecadienoic Acid The pentane-soluble tetra- 
bromides (378 mg) were combined with the mother liquor tetra- 
bromides (46 mg) from the first two crystallizations involved 
in preparing IV. This combined mixture contained chiefly the 
lower melting diastereoisomers of 9, 10, 12, 13-tetrabromostearic 
acid (derived from linoleic acid), but in addition included both 
hexabromostearic acid derived from the trace contamination of 
III with Cis trienoic acid and, as was later shown, tetrabromo- 
stearic acids from isomers of linoleic acid. This mixture (sam- 
ple V-A) was treated with diazomethane in ether, and 382 mg 
of the resulting esters were fractionated on alumina by the 


Those fractions that corresponded in position on the chromato- 
gram to methyl tetrabromostearate were retained, yielding 188 
mg‘ of a colorless oil (sample V-B). Octadecadienoic acid (sam- 
ple V-C, 71.8 mg) was regenerated by sinc debromination of 
sample V-B (13) followed by elution of the methyl octadecadi- 
enoate from a silicic acid column with 3% ether in pentane and 
saponification of the resulting colorless oil. Table III shows 
the activity of the various fractions obtained by bromination 
of octadecadienoic acid, sample III. The relatively low specific 
activity of IV (corresponding to pure linoleic acid) again indi- 
cated that most of the Ci activity of the original octadecadi- 
enoic acid must have come either from isomeric Cis dienoic 
acids and /or from the trace contamination of Cs trienoic acid. 
Because alumina chromatography eliminates only the latter, a 
comparison of the specific activity of V-A and V-B permits 
estimation of the relative amount of activity contributed by 
each of these two components. Thus, since the specific activity 
of the “pentane soluble” tetrabromide fraction was reduced to 
less than 50% by alumina chromatography, more than half of 
the extraneous activity was due to the hexabromide contamina- 
tion. Inasmuch as the chromatographed fraction contained only 
tetrabromostearic acid, the residual extraneous activity must 
have represented isomers of linoleic acid. It now remained to 
identify the trienoic and isomeric dienoic acids and, if possible, 
to determine the specific activity of each. These ends were 
accomplished indirectly by oxidizing samples of the trienoic- 
contaminated (III) and trienoic-free (V-C) octadecadienoic acids 
at the double bonds and subsequently analyzing, isolating, puri- 
fying, and counting the resulting dicarboxylic acids. 
Permanganate Oxidation of Octadecadienoic Acids—A sample 
* The total amount of material eluted from the alumina column 
by the pentane-ether solvents was 244 mg (63% of the added mate- 
rial). The loss was probably due to hydrolysis of the methyl 
(ef. 
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of III (100 mg) was oxidized with potassium permanganate in 
acetic acid, and the resulting monocarboxylic acids were isolated 
as described previously (6). The dicarboxylic acids were iso- 
lated by ether extraction of the oxidation residue after evapora- 
tion of the solvent. 
A sample (71 mg) of V-C was oxidized in the same manner, 
but a different procedure was used for the isolation of the prod- 
ucts. After oxidation was complete, the reaction mixture was 
diluted 20-fold with water, and excess permanganate was re- 
duced with formic acid.’ The solution was then made strongly 
acid with hydrochloric acid, saturated with potassium chloride, 
and extracted three times with equal volumes of pentane and 
eight times with equal volumes of ether to remove the mono- 
and dicarboxylic acids, respectively. The over-all yieldꝰ was 47.1 
mg of dicarboxylic acids and 13.5 mg of monocarboxylic acids. 
Samples of the mono- and dicarboxylic acids from both oxida- 
tions were analyzed by gas chromatography as described pre- 
viously 


Isolation of Individual Dicarborylic Acids—In order to deter- 
mine the radioactivity of the individual dicarboxylic acids, the 
following procedures were used. 

1. Dicarboxylic acids from III: A sample (32 mg) of the di- 
carboxylic acid mixture was dissolved in 40 ml of water, and 
samples of inactive dodecanedioic acid (60 mg), azelaic acid 
(160 mg), and suberic acid (161 mg) were successively added, 
dissolved at 100°, and then crystallized at room temperature 
and removed. The clear supernatant solution from the last 
crystallization was taken to dryness, and the residue was thor- 
oughly extracted with boiling benzene to obtain the traces of 
pimelic, adipic, and glutaric acids present in the original mixture. 
The combined benzene extracts were divided into four equal 
portions. Portion 1 was saved for counting. To portions 2, 3, 
and 4, respectively, were added 100-mg samples of pimelic, 
adipic, and glutaric acids. Pimelic and glutaric acids were re 
crystallized to constant activity from 10-ml volumes of benzene, 
whereas adipic acid was recrystallized to constant activity from 
5- to 10-ml volumes of 4:1 mixtures of petroleum ether-1 , 4-diox- 


ane. 
2. Dicarboxylic acids from V-C: The dicarboxylic acid mixture 
from V-C was dissolved in acetone and divided into five equal 
portions. Portions 1 and 2 were used for gas chromatography 
and counting; portions 3, 4, and 5 were taken to dryness and 
used for isolation of the individual dicarboxylic acids. Aselaie 
acid (104 mg) was added to portion 3 and the mixture was dis- 
solved in 5 ml of boiling water. Azelaic acid was then crystal- 
lized at 0° and was recrystallized to constant activity from 5-ml 
volumes of water. The same procedure was carried out with 
suberic acid (106 mg) added to portion 4. Succinic acid (108 


7 The use of formic acid rather than bisulfite for reducing excess 
permanganate is distinctly advantageous because carbon dioxide 
(instead of sulfuric acid) is formed from the reducing agent; com- 
plications arising from contamination of the ether extracts by 
small amounts of sulfuric acid, which is difficult to separate from 
the dicarboxylic acids, are thus avoided. 

This procedure appears to extract completely all dicarboxylic 
acids except malonic acid (the overall yield, exclusive of 
acid, was about 99% on a molar basis). On the other hand, only 


about 46 mole per cent of the monocarboxylic acids was recov- 
ered; pentane extraction is incomplete for monocarboxylic acids 
of seven carbons or less. Those remaining unextracted by pentane 
are presumably taken up with the — acids but are lost 
when the ether is evaporated and the dicarboxylic acid 


dried under vacuum. 
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IV 
Relative amounts and Ci( activities of dicarbozylic acids gbtained by permanganate oxidation of octadecadienoic acids 

Acid 2 Sample III Sample V-C 
mole % total 4.9.3.° 4.9.3./ymole mole% | teteld.p.s.° | 
Dodecanedioic..................... 12 1.7 5.07 1.7 t 
o 9 86.1 31.5f (25.5) 0.21 (0.17) 80.0 40.0 0.29 
8 8.8 16.0f (22.0) 1.05 (1.45) 17.2 4.0 1.48 
7 2.2 5.3 1.4 2.3 2.87 0.7 
— navkahswnektnaRtel 6 0.5-1.0 44.0 25-55 Trace 0.0 
ᷣͤ 5 Trace 16.2 Trace 1.47 
4 0.5-1.0 Trace 0.0 
Total dicarboxylic acids (32 mg) 100.0 125.0 0.72 100.0 | 70.0 | 0.40 


Total d.p.s. of the individual acid in 32 mg of the dicarboxylic acid mixture. 
t Not crystallized to constant activity. The figures in parentheses represent interpolations (see text). 


t Not detected. 


mg) was added to portion 5 and the mixture was dissolved in 
acetone and taken to dryness. The mixture was then thoroughly 
extracted with hot benzene to leave the insoluble succinic acid 
as a residue. The succinic acid was recrystallized to constant 
activity from petroleum ether-acetone and petroleum ether-1 , 4 
dioxane mixtures. To the aqueous supernatant solution from 
portion 3 was added 111 mg of adipic acid, and the crude adipic 
acid obtained after evaporation was recrystallized to constant 
activity from petroleum ether-1 ,4-dioxane solutions. This pro- 
cedure was repeated with the supernatant solution from portion 
4 with 110 mg of pimelic acid. The pimelic acid was recrystal- 
lized three times from benzene with loss of most of the activity, 
although constant activity was not obtained. Glutaric acid 
(109 mg) was added to the benzene extract from portion 5 and 
the solution was taken to dryness. The crude glutaric acid thus 
obtained was recrystallized four times from benzene to a very 
low and still decreasing activity. Table IV reveals the relative 
amounts of each dicarboxylic acid as determined by gas chroma- 
tography as well as the total and specific activity of each acid. 
In interpreting the results reported in this table it should be 
kept in mind that the dicarboxylic acids arising from sample III 
resulted from oxidation of the original, trienoic-contaminated 
octadecadienoic acid, whereas the dicarboxylic acids arising from 
sample V-C were derived by oxidation of regenerated octadedeca- 
dienoic acid which had been freed not only from trienoic (and 
monoenoic) contamination but from half of the linoleic acid as 
well. This latter fact explains why, in the dicarboxylic acids 
arising from oxidation of sample V-C, the mole percentage of 
suberic acid increased at the expense of azelaic acid. It should 
also be pointed out that the activities of dodecanedioic, aselaic, 
and suberic acids from the oxidation of sample III are only ap- 
proximate since the results were obtained by consecutive crystal- 
lization of these acids, in the order named, from the same solu- 
tion, and since the samples thus obtained were reduced to 
subminimal amounts before they could be crystallized to con- 
stant activity. The activities for azelaic and suberic acids shown 
in parentheses in the table are corrected values obtained by 
ining the amount of suberic acid cocrystallizing with 
aselaic acid. This information was acquired by carefully follow- 
ing the purification of azelaic acid derived from oxidation of V-C. 
The major components of both dicarboxylic acid fractions 
were azelaic, suberic, and pimelic acids which arose, respectively, 
from 9,12-, 8,11-, and 7,10-octadecadienoic acids. The dis- 


covery, in the monocarboxylic acid fraction, of hexanoic, hepta- 
noic, and octanoic acids in approximately the expected amounts 
supports this conclusion. The dodecanedioic acid present in 
the dicarboxylic acids from sample III represented 12-octadece- 
noic acid, arising as a contaminant during crystallisation of 
octadecadienoic acid with inactive 12-octadecenoic acid. Al- 


though adipic and glutaric acids are present in both samples in 


of these acids arising from oxidation of sample III is conclusive 
proof that they are not artifacts. Since, however, neither acid 
was found to be active in the dicarboxylic acids arising from sam- 
ple V-C, they must have been derived from Cis trienoic and not 
Cis dienoic acids. Assuming the divinyl methane double bond 
system for these polyunsaturated acids, adipic and glutaric acids 
must have been derived from 6,9,12- and 5,8, 11-octadecatrie- 
noic acids, respectively. The possibility that some of the glutaric 
acid activity arose from adipic acid by over-oxidation cannot be 
ignored. However, it seems unlikely that all its activity arose 
in this manner. Of considerable interest is the fact that the 
specific activity of aszelaic acid from V-C is more than 5 times 
that of linoleic acid itself (see Table II). Since linoleic acid was 
purified and counted as the crystalline 9, 10, 12, 13-threo, threo- 
tetrabromostearic acid, which can arise only from cis, cis-9, 12. 
octadecadienoic (linoleic) acid, we must assume that the ex- 
traneous activity of the azelaic acid was due to trans-isomers of 
linoleic acid. These could possibly have been biosynthesizsed 
from the trans-12-octadecenoic-1-C™ acid present as a contami- 
nant in the fed cis-12-octadecenoic-1-C™ acid. 

Isolation of Eicosatetraencic Acid In the process of fraction- 
ating the unsaturated fatty acid methyl esters (F-2) by gas 
chromatography, a small amount of eicosatetraenoic acid (60.4 
mg) of about 90% purity (by weight) was obtained. Contami- 
nants included Cz trienoic and dienoic acids as well as traces of 
polyunsaturated Cis fatty acids, including what appeared to 
be a Cis tetraene. This crude “arachidonic acid,” which was 
counted as such without further attempts at purification, had 
an activity of 1.92 d.p.s. per umole. 


® Because of the relatively low yield of the monocarboxylic 
acids due to incomplete and probably selective extraction, it was 
not possible to determine the mole fraction of each of these acids 
more accurately. 
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Several conclusions can be drawn from the results obtained 
in these experiments. First, it can be concluded that fed cis- 
12-octadecenoic acid is converted to linoleic acid by the rat to a 
very slight extent, if at all. The small amount of label found in 
linoleic acid purified as the tetrabromide could have arisen 
directly by unsaturation of cis-12-octadecenoic-1-C™ acid or 
indirectly by exchange of C**-acetate. 

Second, it is apparent that the octadecadienoic acid of the rat, 
and probably of other mammals as well, does not consist solely 
of linoleic acid, although this acid is, of course, the major com- 
ponent. In spite of the fact that 8,11l-octadecadienoic acid has 
not been previously reported to be a constituent of mammalian 
tissues, its presence is not altogether surprising. Its probable 
immediate precursor, 11-octadecenoic acid, has been discovered 
in human blood lipids (14) and in rat tissue (6), and a product 
probably derived from it, 7,10,13-eicosatrienoic acid, has been 
detected in lipids from fat-deficient rats (6). The detection of 
a small amount of 7,10-octadecenoic acid was unexpected, al- 
though it might have been anticipated that such a product could 
arise from myristoleic (9-tetradecenoic) acid by the usual process 
of chain lengthening accompanied by the introduction of a sec- 
ond methylene-interrupted double bond. 

The fact that suberic acid, derived from 8, 11-octadecadienoic 
acid by permanganate oxidation, contained significant Ci“ ac- 
tivity (presumably arising from CMacetate) may explain the 
— Lady at (15) reported present in “linoleic 
acid” obtained from human plasma after administration in 
vivo of 1-C™ acetate. It is also possible that the activity found 
by James et al. (16) in the “linoleic-linolenic”’ fraction isolated 
from human blood after incubation in vitro with 2-C-acetate 
can be attributed to the presence of this acid. In this connection 
it should be noted that both groups of investigators used isolation 
methods which did not permit the separation of positional isomers 
of linoleic or linolenic acids. 

No conclusions can be drawn at present, however, from certain 
other interesting results obtained in the experiments reported 
here. The extremely high specific activity of adipic acid isolated 
from the oxidation products of one of the samples is difficult to 
explain, especially in light of the evidence which suggests that it 
arose from 6,9,12-octadecatrienoic acid. If one assumes that 
the trienoic acid was of the all cis configuration (i. e. y-linolenic 
acid) then this result seems incompatible with the relatively low 
specific activity of linoleic acid, its immediate precursor (1). 
One could speculate, of course, as to the possible existence of an 
enzyme - bound intermediate. If the enzyme which converts 
cis-12-octadecenoic acid to linoleic acid is the same as that which 
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transforms linoleic acid to y-linolenic acid, then the results 
could be readily interpreted. Although other explanations are 
possible, further speculation does not seem warranted until 
justified by experimentation. For the same reasons it seems 
better to withhold speculation concerning the significance of the 
high specific activity in the glutaric acid presumably derived 
from 5,8,11-octadecatrienoic acid. Experiments now under 
consideration may throw more light on these problems. 


SUMMARY 

Orally administered cis-12-octadecenoic-1-C™ acid serves in- 
efficiently, if at all, as a precursor of linoleic acid in the rat. 
Activity appearing in the linoleic acid fraction has been shown 
to be in large part due to 8, 11-octadecadienoic acid, presumably 
synthesized from 1-C"-acetate derived by degradation of the fed 
acid. This finding may explain the activity found in the linoleic 
acid fraction by some investigators after the administration of 
C"-acetate. Finally, evidence for the presence of two trienoic 
acids (6,9,12- and 5,8,11-octadecatrienoic acids) is presented. 
Both acids were highly labeled, but the explanation of this 
phenomenon must await further experimentation. 
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Previous communications from this and other laboratories have 
demonstrated that acetate (1, 2), linoleate (3), and y-linolenate 
(4) function as precursors of arachidonic acid in the intact 
animal. This knowledge permitted the formulation of a three 
step process by which linoleic acid is converted to arachidonic 
acid (4, 5). The last step, consisting of conversion of the pro- 
posed intermediate, 8,11 ,14-eicosatrienoic acid, to arachidonic 
acid, however, was not investigated. The present communica- 
tion deals with the metabolism of 8, 11, 14-eicosatrienoic-2 ,3-C™ 
acid. The use of the label in these positions was dictated by 
the previous finding that in the presence of carboxyl-labeled 
acetate, or of any substance yielding carboxyl-labeled acetate as 
a product, arachidonic acid becomes labeled in the carboxyl 
group. Thus, a 20-carbon carboxyl-labeled acid would not give 
unequivocal evidence for its conversion to arachidonic acid. 


EXPERIMENTAL PROCEDURE 


Methyl 8,11 ,14-eicosatrienoate-2 ,38-C'—y-Linolenic acid, ob- 
tained as described previously (4), was converted into the desired 
ester by Dr. J. C. Nevenzel of this laboratory by a procedure 
(details of which will be published elsewhere) involving Kolbe 
anodic decarboxylation with the half methyl ester of succinic-2 , 3 
CM acid. The methyl ester obtained in preliminary cold runs 
showed, as is typical of polyene systems regenerated from the 
corres ing crystalline polybromides, about 10% trans dou- 
ble bond by infrared absorption. Its gas-liquid chromato- 
graphic behavior is in agreement with its expected constitution, 
and it was further characterized by physical properties (n> 
1.4737; d' 0.9096) and by conversion to the hexabromide of the 
corresponding free acid, m.p. 190.5-190.9°, analysis (C, H, and 
Br) for CoH Br. O- 

Treatment of Animals To two male albino rats weighing 300 
and 358 g was administered orally a total of 236 mg of methyl 
8,11, 14-eicosatrienoate-2 ,3-C™ diluted with 924 mg of methyl 
oleate (total administered radioactivity, 1.16 X 107 d.p.s.). 
After 4 hours, the rats were killed and their livers, kidneys, 
hearts, spleens, and abdominal depot fat were pooled and frozen 
at once. 

fat were lyophilized and extracted in the usual manner (3) to 
obtain the total fat (5.0 g), which was saponified to give a total 
of 4.5 g of mixed fatty acids; the fatty acids were crystallized 


* These studies were supported by Contract AT(04-1)GEN-12 
between the Atomic Energy Commission and the University of 
California at Los Angeles. 


from acetone at —30° to give precipitate F-1 (1.23 g), and then 
at —65° to give precipitate F-2 (1.34 g) and soluble fraction F-3 
(1.80 g), a concentrate of fatty acids more highly unsaturated 
than oleic acid. By reversed phase chromatography before and 
after catalytic hydrogenation (4, 6) F-3 yielded saturated fatty 
acids corresponding (in the original mixture) to palmitoleic, 
linoleic, arachidonic, and more highly unsaturated Ca acids. 
Oleic acid was separated by gas-liquid chromatography of the 
methyl esters of fraction F-2 acids. Palmitic and stearic acids 
were obtained in the same manner from fraction F-1. The 
radioactivities of all fractions and acids are presented in Table I.“ 

Degradation of Arachidic Acid—The arachidic acid (34 mg, 
derived from arachidonic acid by catalytic hydrogenation and 
isolated as described) was diluted with 282 mg of carrier arachidic 
acid and, after crystallization, was degraded by a modification 
of the method of Dauben et al. (3,7) to margaric acid and three 
successive samples of benzoic acid, the carboxy] carbons of which 
represented carbon atoms 1, 2, and 3, respectively, of the original 
Purification of Linoleic Acid—Since it has been shown that in 
the presence of radioactive acetate, isomers of linoleic acid con- 
taining some radioactivity may be synthesized in the animal 
body (8, 9), it was of special importance to obtain a sample of 
uncontaminated linoleic acid. To this end, a sample of fraction 
F-3 was brominated in ether, ether-insoluble products were 
centrifuged down, the supernatant was evaporated, and the resi- 
due was treated with pentane. The crude pentane-insoluble 
tetrabromostearic acid had an activity of 3.66 d.p.s. permg. A 
portion of this tetrabromide was subjected to chromatographic 
purification by the method of Howton (10), which serves to 


[ 

1 The authors are indebted to Dr. J. C. Nevensel for assistance 
in the resolution of mixture F-3. 

* Gas-liquid chromatography was carried out with an Aero- 
graph model A-100-C (Wilkens Instrument and Research Com- 
pany, Inc.) equipped with a 5-foot 4-inch column packed with 
1,4-butanediol-succinate polymer supported on firebrick. 

Counting was performed with the single channel, room tem- 
perature liquid scintillation counter described by Hodgson, Gor- 
don, and Ackerman (14). At 1150 volts, efficiency was 77.0 + 
0.2%. An external standard was run with each series of counts 
and an internal standard (40.7 d.p.s. of ring-labeled toluene) for 
some final counts in order to correct for possible quenching effects. 
Samples dissolved in 5 ml of toluene containing 5 g — — 
phenyloxadiazole and 0.10 g of 1,4-bis-2 (5-phenyloxazolyl)-ben- 
zene per liter were counted in 3-dram vials. 


* 


12 Tue Journal or Broroaica, | 
Vol. 235, No. 12, December 1960 ) 
Printed in U.S.A. 
= 
f the | 
ived | 
nder | 
| 
own | 
e fed 
r0lei¢ 
on of 
nted. 
this | 
», 575 
, AND 
Biol. 
, AND 
1959). — 
1953). 
„ 18, 
. Am. 
gante 
, Ine., 
F . 
ochem. 
Nw iminate contaminants naving fewer Or more Dromine 
substituents. The purified tetrabromide (eluted from the chro- 
3385 


3386 
Taste I 
Radioactivity of fatty acids from 8,11,14-eicosatrienoate-fed rats 
Fraction Specific Activity 
d.9.3./mg. d.p.s./mmole 
F-1 (Saturated acid concentrate) 0.99 
1.38 353 
1.56 443 
F. 2 (Oleic acid concentrate) 0.77 
F-3 (Polyunsaturated acid concen- 
Palmitoleic acid.................. 3.80 965 
Linoleic acid. .................... 1.81 507 
Arachidonic acid.................. 40.00 | 12,500 
C2: polyunsaturated acid 0.28 92 
Products of degradation studies 
Arachidic acid (diluted)........ 3.69 1,151.0 
Benzoic acid (carbon 1)......... 0.12 14.6 (2.3)* 
Benzoic acid (carbon 2)......... 3.36 409.9 (409.9)* 
Benzoic acid (carbon 3)......... 3.14 383.1 (395.4)* 
Margaric acid.................. 0.14 37.8 
* Corrected for overdegradation (3). 


matogram with 8 to 10% ether in pentane) contained no meas- 
urable radioactivity. 

Detection of y-Linoleic Acid—A 57.9-mg sample of crude tetra- 
bromostearic acid (ether-soluble, pentane-insoluble, prepared as 
above) was dissolved in 10 ml of butanone, 55.1 mg of 6,7 ,9,10,- 
12, 13-hexabromostearic acid prepared from y-linolenic acid (4) 
was added, and the mixture was heated to dissolve the solid and 
then allowed to crystallize at room temperature. The hexa- 
bromide thus obtained had 0.31 d.p.s. per mg, unaltered by 


recrystallization from the same solvent. 
RESULTS AND DISCUSSION 

It is evident from a consideration of the radioactivities of the 
various acids (see Table I) that in this case, as in that of - 
linolenic acid, the fed acid was converted efficiently into arachi- 
donic acid. This conclusion is born out by the distribution of 
radioactivity within the arachidonate molecule: 

3 2 1 


Per cent of total radioactivity: 4.5 46.8 48.5 0.3 


The fact that this distribution of radioactivity is almost identical 
with that of the fed acid indicates that partial degradation of 
the fed acid before its conversion to arachidonic is of minor 
importance (see below). The proposed pathway from linoleic 
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acid to arachidonic acid, linoleate — +-linolenate — 8, 11,14 
eicosatrienoate — arachidonate (4), therefore appears to be fully 
confirmed as the major route of formation of arachidonic acid. 

Two further points of interest are revealed by these experi- 
ments. First, the pathway is not reversible, since linoleic acid 
is not formed from eicosatrienoic acid. This observation is in 
accord with the fact that hydrogenation of unsaturated acids in 
the body is an insignificant process (3, 11, 12). Second, since re- 
crystallization was ineffective in removing radioactivity from a 
sample of authentic y-linolenic acid hexabromide used to entrain 
traces of the substance derived from tissue fatty acids, it is 
evident that some degradation of the fed eicosatrienoic to . 
linolenic acid does occur, although it was not possible to evaluate 
the extent of this process quantitatively. It is evident, however, 
that the irreversibility of the pathway may be attributed to 
hydrogenation steps. 

The radioactivity in the crude linoleic acid and in the margaric 
acid derived from arachidic by stepwise degradation is presum- 
ably extraneous. It seems likely that this radioactivity, which 
has been reported also by others (8, 13), stems from total synthe- 
sis of polyunsaturated acids of the oleic and palmitoleic families 
(8). Such processes are being studied currently in this lab- 
oratory. 


Analysis of fatty acids isolated from rats 4 hours after feeding 
the methyl ester of 8, 11, 14-eicosatrienoic-2,3-C™ revealed that 
this substance is efficiently converted to arachidonic acid by 
dehydrogenation in the 5 position. This finding furnishes evi- 
dence for the validity of the last step in a proposed pathway of 
conversion of linoleate to arachidonate via y- linolenate and 


8,11, 14 eicosatrienoate. 
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Prevention of Decline of q-Ketoglutarate and Succinate 
Oxidation in Vitamin E-Deficient 
Rat Liver Homogenates 
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Liver slices from rats fed a Torula yeast diet deficient in vita- 
min E and Factor 3 show a metabolic disturbance, termed respir- 
atory decline, 1 to 2 weeks before succumbing to necrotic liver 
degeneration (1). Dietary supplementation of vitamin E or 
Factor 3 will prevent the occurrence of liver necrosis (2). Respir- 
atory decline is completely prevented by dietary vitamin E. 
Tocopherol also prevents the breakdown of liver slice respiration 
when injected in physiological amounts either into the portal 
vein (3) or peripherally (4) 10 to 30 minutes before extirpation 
of the liver, but it is completely inactive when added to the 
Warburg medium directly (5). However, a metabolite of 
a-tocopherol, described by Simon et al. (6), was found to protect 
slices from respiratory decline when added in vitro (5). 

A series of 13 antioxidants has been studied in the dietary 
assay against liver necrosis (7), the intraportal injection system 
(8), and the direct test in vitro with liver slices (9). Most com- 
mon antioxidants were found inactive, but certain compounds, 
for example Santoquin, Santoflex B, and most notably VN, N“ 
diphenyl-p-phenylenediamine effectively prevented dietary liver 
necrosis. In the intraportal injection, N , N’-diphenyl-p-phenyl- 
enediamine was slightly superior to tocopherol. When added in 
vitro, N, N’-diphenyl-p-phenylenediamine was highly potent in 
preventing respiratory decline of liver slices. Under these condi- 
tions, the tocopherol metabolite was also active, but the vitamin 
itself was not. Methylene blue, on the other hand, was only 
slightly effective in the dietary assay, and inactive after intra- 
portal injection. In vitro, however, a level of about I ug per 
100 mg of slices (3 ml medium) was sufficient to reduce the 
degree of decline by 50%. Since most oxidative processes are 
functions of mitochondria, a study of the oxidation of Krebs cycle 
acids in this system was undertaken (10). The only such acid 
which exhibited a decline of oxidation was succinic acid in the 
presence of diphosphopyridine nucleotide. This decline was 
prevented by dietary and intraportal tocopherol, but not by 
Factor 3. The lack of tocopherol apparently resulted in an 
accelerated accumulation of oxaloacetic acid, a potent inhibitor 
of succinic dehydrogenase. 

In earlier studies, liver homogenates from animals deficient 
in tocopherol did not show decline with glucose as substrate and 
optimal supplements of adenosine 5/-triphosphate and diphos- 
phopyridine nucleotide (1). In this communication a homoge- 
nate system from animals deficient in tocopherol is described 
that shows decline of oxidation with either a-ketoglutarate or 


succinate as substrates. The prevention of this oxidative de- 

cline, in vitro, by tocopherol, the tocopherol metabolite, and also 

by menadione, V, N’-dipheny]-p-phenylenediamine, and methyl- 
demonstrated. 


ene blue are 


EXPERIMENTAL PROCEDURE 


Weanling rats of the Fischer 344 strain were fed a basal 30% 
Torula yeast diet described elsewhere (10). Vitamin E was 
supplemented as 50 mg of D, La- tocopheryl acetate per 100 g of 
ration. Factor 3 activity was added in form of 15 yg /100 ml of 
selenium as sodium selenite. DPPD* was added at a level of 25 
mg per 100 ml. Certain control animals were fed McCollum’s 
wheat-casein diet (12). Unless otherwise specified, 10% liver 
homogenates were made in 0.25 Mu sucrose with a Potter-Elveh- 
jem homogenizer and Teflon pestle. The equivalent of 50 mg of 
tissue (0.5 ml) was added to 2.5 ml of a medium containing the 
following, unless specified differently: 300 wmoles of NaCl, 12 
umoles of KCl, 40 wmoles of a sodium phosphate buffer at pH 
7.4, and 4 umoles of MgSQ,. The final volume was 3 ml. The 
oxidations were followed in the Warburg respirometer. No 
corrections were made for the endogenous oxidation with DPN 
which, although substantial at first, trailed off quite rapidly with 
time (Table IV). This “decline” could not be prevented by 
tocopherol. Water-insoluble supplements were added to the 
medium in ethanol (<0.02 ml). Control experiments per- 
formed with these quantities of ethanol, but no other added 
substrate, with added DPN showed no detectable increase in 
oxidation over the endogenous oxidation. D, La- Tocopherol 
(Distillation Products Industries), purified by redistillation, was 
added either directly to the medium or by rehomogenising it 
for 30 seconds with the liver homogenate, 5 to 10 minutes before 
use. Increased potency of tocopherol was achieved by this 
rehomogenization. No such increase was observed with the 
other protecting agents studied. All additions, including sub- 
strates and cofactors, were made at the expense of the medium: 
they amounted to no more than 0.2 ml. 

Analyses for vitamin E were based on a method developed by 
Dr. Clifford Pollard.“ To the homogenate are added an equal 


The abbreviation used is: DPPD, N,N’-diphenyl-p-phenyl- 


*C. J. Pollard, unpublished results. 
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I 
Effect of dietary a-tocopherol, DPPD, and selenite on decline of oxidation 
Results are given as natoms of oxygen uptake per 30-minute interval. Medium consists of 40 umoles of sodium phosphate buffer 
(pH 7.4), 300 moles of NaCl, 12 wmoles of KCl, 4 umoles of MgSO,-7 H:0, 60 umoles of substrate, 3 uymoles of DPN (when a-ketoglu- 


tarate is substrate). Final volume is 3 ml. 
a-Ketoglutarate Succinate 
No. — 
Diet of Time interval (min) Time interval (min) 
rats Decline* Decline® 
0-30 30-60 60-90 0-30 30-60 60-90 
patoms oxygen/50 mg % patoms oxygen /50 mg 2 
. 10 10.5 + 0.5f 8.4 4 0.9 3.2 & 0.4 69+ 3 12.7 & 0.7 7.3 & 0.4 4.9 & 0.4 6144 
Torula E.. 67.6 & 0.7 8.1 & 0.5 8.4 & 0.4 111 + 31 11.0 & 0.7 9.9 + 0.6 9.2 + 0.7 16 + 2 
Torula + Na: Se 0. 5 9.6 & 0.3 7.0 & 1.6 3.0 + 0.7 69 & 7 13.1 & 0.5 8.4 & 0.5 5.3 & 0.1157 4X 2 
Torula + DPPD...... 5 10.5 & 1.2 10.9 & 1.2 10.7 & 1.0 44 4 | 11.141.5| 9.3 & 1.3 7.5 & 0.7 3144 
Wheat-casein.......... 410.2 & 0.3 | 10.2 & 0.5 10.3 & 0.7 T1245 12.3 & 0.5 9.7 & 0.4 8.5 & 0.2 29 4X 4 
D 5 12.5 & 0.5 14.0 & 0.7 6.1 & 1.0 52 & 7 13.8 & 0.7 9.2 & 0.6 5.9 & 1.0 57 4X 7 
. % Decline — [O]ceo-00) 100. 


0-20). 
tt =%i inesense, throughout tables. 


volume of ethanol, 1 to 1.5 volumes of 50% KOH, and enough 
pyrogallol to make a 1% solution. The mixture is heated in a 
water bath at 60° for 30 minutes. The saponification mixture 
is extracted twice with equal volumes of redistilled hexane. The 
extract is washed with a small amount of water and the hexane 
then removed under reduced pressure. The residue is taken up 
in 2 to 3 ml of hexane and chromatographed on a column con- 
sisting of basic zinc carbonate, Merck chromatographic grade 
aluminum oxide, and Celite (Johns-Manville, analytical filter 
grade) in a 2:2:1 ratio. The column is developed with 20% 
benzene in hexane, dried over Na, SO. Samples in 10 ml 
amounts are collected and aliquots are tested for tocopherol by 
the method of Eggitt and Ward (13). Paper chromatography of 
samples from the tubes containing tocopherol, by the method of 
Green et al. (14), revealed only one band corresponding to 
a-tocopherol after spraying with the mixed FeCl;-a ,a’-dipyridy] 
reagent. Recovery of a-tocopherol by this method was >90%. 


Under the experimental conditions described, oxygen consump- 
tion declines by approximately 69% with a-ketoglutarate and 
61% with succinate as substrates, when homogenates from 
deficient livers are studied (Table I). Supplementation to the 
diet of tocopherol or DPPD, but not Na, SeO,, prevents the de- 
cline of a-ketoglutarate oxidation. With succinate as substrate, 


TABLE II 
Relation of diet to amount of tocopherol in liver 
Composition of the semisynthetic diets described under ‘‘Ex- 
perimental Procedure. 


No. of rats 


the same general picture is found, except that a slow decline is 
observed even in the tocopherol-supplemented animals. This 
phenomenon is probably related to an accumulation of oxalo- 
acetic acid (15). Normal control animals (McCollum’s wheat- 
casein diet) act quite similarly to the animals fed the tocopherol- 
supplemented Torula yeast diet. The diet of the former was only 
slightly, but significantly, less effective in preventing the suc- 
cinate decline. 

It was surprising, on the other hand, to observe that large 
declines were shown by animals on a Purina laboratory chow. 
This diet is calculated to contain 2.2 mg of tocopherol per 100 g 
of diet by the Ralston Purina Company.‘ We determined that 
the decline in oxidation in homogenates from Purina-fed animals 
was related to the amount of tocopherol present in their livers 
(Table II). Tocopherol levels in these livers were indeed much 
lower than those of vitamin E-supplemented Torula diet-fed 
animals and those on McCollum’s wheat-casein diet. Never- 
theless, there was more vitamin E in livers of Purina-fed animals 
than in those fed totally deficient diets. This small amount of 
tocopherol was sufficient to prevent decline in liver slices, but not 
in homogenates (Table III). It seems that homogenization in- 
creases the requirement for tocopherol to prevent oxidative 
decline. 

Supplementation in vitro with a-tocopherol, the tocopherol 
metabolite of Simon, menadione, DPPD (Table IV) or methyl- 
ene blue (Table V) prevented the decline of a-ketoglutarate oxi- 
dation. Coenzyme Qj was without effect. DPPD was by far 
the most potent of the compounds tested. The effective concen- 
trations of tocopherol and mehadione are not far from physio- 
logical doses. The 50% effective doses for prevention of the 
decline of a-ketoglutarate oxidation, in micrograms per flask, 
were: DPPD, 0.02; methylene blue, about 0.5; vale ie (re- 
homogenized), 3; Simon-tocopherol metabolite, 5; and mena- 
dione, 3. The effect of menadione is difficult to interpret. The 
diet contains more than sufficient menadione to maintain normal 
prothrombin times (the latter kindly assayed by Dr. A. Leitner). 
It is noteworthy that a slow increase of oxidation occurs with 
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a-ketoglutarate over the 14-hour period when the homogenate is 
sufficiently fortified with the protecting agents. This is made 
clear in Fig. 1, with tocopherol as an example. The oxidation of 
a-ketoglutarate by the deficient homogenates is also shown to 
exhibit an initial increase in oxidation, but then a rapid decline 
ensues. Menadione, on the other hand, causes an initially 
higher oxidation which is maintained for an hour and then be- 
gins to decline. Protection of the succinate system requires 
more of the effective supplements than that of the a-ketoglutarate 
system. This may be correlated to the particulate nature of the 
succinoxidase system which might render contact with the active 
site more difficult. 

Results with tocopherol reported in Table IV are obtained after 
rehomogenization of the vitamin with the homogenate. This 
produces an increase in effectiveness as compared to simple 
addition of the tocopherol to the medium (Table V). In effect, 
one is using the protein homogenate as the suspending agent, 
much as albumin has been used to suspend tocopherol. Whether 
the increase in activity is due solely to the better distribution 
achieved by rehomogenization or whether it is due to a conversion 
of tocopherol to an active form remains to be determined. It 
was observed that a further increase of activity can be obtained 
by a short term preincubation at 37°. 

The activity of methylene blue closely resembles that of DPPD. 
That the dye does not exert its action by shunting electrons from 
the electron transport chain is evident from Table VI. Anti- 
mycin A and Amytal block the mitochondrial DPNH-oxidase 
system (although not the microsomal enzyme) and hence lower 
the oxidation of a-ketoglutarate. At the 1 ug level, methylene 
blue does not relieve this inhibition, as it would if electrons were 
being shunted. Yet, in the absence of inhibitors (Lines 1 and 2), 
it protects against decline completely at this level. The pre- 
vention of decline of the antimycin A-insensitive oxidation 
indicates a function of the dye in the microsomes as well, pre- 
sumably on the DPNH-oxidase system. 

As mentioned above, decline was not detected in homogenates 
from tocopherol-deficient Torula-diet animals with glucose as 
substrate and supplements of DPN and ATP (1). The buffer 
system used in the present experiments is essentially the Krebs- 
Ringer phosphate buffer without calcium, and respiration is fol- 
lowed for 90 minutes, whereas a potassium phosphate buffer with 
magnesium had been used over a period of only 1 hour in the 
older studies. Table VII indicates a possible reason, aside from 
the difference in substrates, for the difference of results in the 
two systems. With either sodium or potassium phosphate alone, 
there is essentially no decline in an hour’s time, although after 
1} hours the decline becomes manifest. Sodium chloride ac- 
celerates the decline, whereas the small amounts of potassium 
chloride leave it unaffected. It is well known that sodium chlor- 
ide causes aggregation of mitochondria, and this may in part ex- 
plain its deleterious effect in lowering the oxidation even initially. 
Under all these conditions the decline was found fully prevent- 
able by tocopherol. It should be noted parenthetically that the 
presence of magnesium ions is required for protection by the 
agents studied. 

More dietary tocopherol is required for prevention of decline 
in homogenates than in slices (Table III). It seems possible 
that any increased disruption of tissue organization increases the 
requirement for the protective agents. Further evidence for 
this point of view is given in Table VIII. Homogenization in 
0.9% NaCl solution is known to result in agglutination and loss 
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III 
Comparison of oxidation in slices and homogenates 
of rats fed purina chow 
Time interval (min) 
Experiment 2 
patoms oxygen % 
1. Slices + 60 umoles of glucose 6.2] 5.8] 5.1) 12° 
+ a-ketoglutarate 
8.9 3.4 3.0 66 
17.5 12.1 | 9.9 43 
2. Slices + 60 umoles of glucose 6.7 6.16.41 4° 
+ a-ketoglutarate 
6.5| 2.7 1.0 85 
succinate 11.3] 8.41 4.758 


* Decline in oxidation of liver slices in 14 hours from animals 
on basal diet is 60%. Oxidation in slices given as natoms of oxy- 
gen per 100 mg of liver slices. Oxidation in homogenates given 
as patoms of oxygen per 50 mg of liver. 
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Fic. 1. Prevention of decline of a-ketoglutarate oxidation in 
deficient homogenates by a-tocopherol and menadione. Medium 
is the same as in Table I. Tocopherol was rehomogenised with 
the homogenate. The curves are the average of five experiments, 
with the standard error indicated by the vertical lines. 


of mitochondria (16); use of 0.25 M sucrose as the homogenizing 
medium largely prevents such damage to the mitochondria. In 
these experiments an increased requirement for tocopherol was 
observed when the liver was homogenized in 0.9% NaC! solution 
as compared to sucrose. The tocopherol metabolite, however, 
has the ability to protect equally well in both homogenates. 
This may suggest that the conversion of tocopherol to an active 
metabolite is disturbed by saline homogenization. 


One of the difficulties encountered in most studies in vitro of 
vitamin E function is in explaining the necessity of relatively 
large quantities of the vitamin required to stimulate a given 
reaction. Since the dietary requirement for the vitamin is rela- 
tively small, it seems reasonable to expect a catalytic role for 
it in metabolism. In normal livers of control animals, about 5 
were found per 50 mg of tissue. In 
the system in vitro described in this paper, with 50 mg of homog- 
enized tissue per 3 ml, the effective amount of a-tocopherol was 
approximately 12 mumoles for complete protection against de- 
cline of a-ketoglutarate oxidation. Thus, a catalytic role in 
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3390 Vitamin E and a-Ketoglutarate Oxidation 
Tasiz IV 
Effect of supplementation in vitro of various compounds on decline of oxidation 
Addition Time interval (min) 
Substrate Ne. Decline 
Compound Amount 1 0-30 30-60 60-90 
ae potoms exygen/50 me 
DPN 6; 4.5 & 0.2 1.6 & 0.3 1.0 & 0.2 78 + 3 
a-Ketoglutarate + DPN 1010.5 & 0.5 8.4 & 0.9 3.2 & 0.4 69 KX 3 8 
a-Ketoglutarate + DPN a-Tocopherol* 1 4 10.0 & 0.8 9.4 4 2.0 5.0 & 1.1 50 + 11 8. 
a-Ketoglutarate + DPN a-Tocopherol* 3 7 9.7 & 0.5 10.8 & 0.5 8.0 + 0.9 172 9 
a-Ketoglutarate + DPN a-Tocopherol* 5 99.1 & 0.5 9.8 & 0.5 9.3 & 1.0 114õ 9 8 
a-Ketoglutarate + DPN a-Tocopherol* 10 5 9.0 + 0.5 10.5 + 0.5 10.9 + 0.6 121 * 3 P 
a-Ketoglutarate + DPN Tocopherol metabolite 3 4 10.9 & 0.5 11.5 & 0.8 6.4 & 0.8 42+ 8 P 
a-Ketoglutarate + DPN Tocopherol metabolite 5 811.0 & 0.4 12.4 & 0.6 8.3 & 1.1 27+ 7 P. 
a-Ketoglutarate + DPN Tocopherol metabolite 10 710.5 + 0.6 | 11.6 + 0.8 | 10.5 + 1.1 1+ 6 — 
a-Ketoglutarate + DPN Tocopherol metabolite 20 3 10.2 & 1.3 10.9 + 2.7 | 11.1 + 1.8 110 & 6 
a-Ketoglutarate + DPN Menadione 1 3 10.7 & 0.44 9.2 & 0.2 4.5 & 1.5 50 & 13 un 
a-Ketoglutarate + DPN Menadione 3 411.2 + 0.9} 11.7 & 1.9 | 10.3 + 2.7 11 + 19 
a-Ketoglutarate + DPN Menadione 5 5 | 11.4 + 0.8 | 12.7 & 0.7 | 10.4 + 1.4 114 6 
a-Ketoglutarate + DPN Menadione 10 6 | 12.0 + 0.6 12.7 & 0.8 | 11.6 + 1.4 42 5 
a-Ketoglutarate + DPN DPPD 0.01; 3 9.9 & 0.7 9.0 & 2.4 4.6 & 1.4 54 + 10 
a-Ketoglutarate + DPN DPPD 0.03; 3 8.8 & 0.9 9.7 & 1.8 7.0 & 2.1 23 + 17 
a-Ketoglutarate + DPN DPPD 0.05 6] 8.9 & 0.8 9.5 & 0.9 9.82 0.7 115 * 2 
a-Ketoglutarate + DPN DPPD 0.1 3 8.2 & 0.6] 8.9 & 0.7 8.9 & 0.7 194 2 m. 
a-Ketoglutarate + DPN Coenzyme O 50 3 10.2 & 1.0 7.5 & 1.7 3.2 + 0.6 69 + 3 to 
Succinate 9 12.7 & 0.77.3 & 0.44.9 & 0.4 61 * 4 cls 
Succinate a-Tocopherol 10 810.9 & 0.6 8640.7; 6.4 & 0.7 42+ 6 | 
Succinate a-Tocopherol 20 711.5 & 0.4 9.9 & 0.4 7.0 & 0.4 38 & 5 th 
Succinate Tocopherol metabolite 10 6 12.3 & 0.7 11.2 & 0.7 6.8 + 0.5 422+ 7 M 
Succinate Tocopherol metabolite 20 7/11.9+0.6|11.140.5| 8.5 & 0.4 2+ 5 | 
Succinate Menadione 10 5 12.2 & 0.8 8.0 & 0.9 6.4 & 0.4 47+ 5 pe 
Succinate Menadione 20 3 | 14.6 + 0.7 10.1 & 0.9 7.0 + 0.7 52 K&K 2 ev 
Succinate DPPD 2 413.0 + 0.2 12.9 & 0.6 9.4 0.2 23+ 2 
* Tocopherol was added to homogenate in small quantities of alcohol (0.01 to 0.05 ml) and the mixture was rehomogenized. co} 
po 
VI the 
TaBLe V Effect of methylene blue in presence of respiratory o 
Effect of mode of addition of tocopherol on decline of chain inhibitors 
a-ketoglutarate oxidation Substrate is 60 umoles of a-ketoglutarate. Buffer and other |" 
Time interval (min) conditions as before. : 
Amount pre 
Mode of addition | Amous Decline va Time interval (min) red 
ne patoms oxygen % | wien | | tat 
No addition None 10.5 8.4 3.2 69 + 3 patoms oxygen % clit 
+ 0.5 +0. 3 10.2 (7.9 9 72 +3 
Directly.......... 20 110.2 10.8 5.8 43+ 3 4K 0.4 & 0.2 +0 its 
+08 +14 +0 Methylene blue, 1 8 6 | 8.6 9.9 6 14 +7 
Directly.......... 50 110.1 10.7 11.1 7 10 + 3 4 0.5 0.5 & 0.4 
* 1.2 41.2) +1.1 Antimycin A, 2 yg..... 3 | 3.6 0 3 37 +3 
Rehomogenised...| 3 10.9 10.9 | 6.0 45 + 2 . n ons 
+ O. 7 & 0.5 +0 Antimycin A, 2 ug + dl 
Rehomogenized methylene blue, 1 of} 
and preineu- 3 4.2 (4.7 4.5 18s neo 
bated*.......... 3 110.2 10.6 8.4 18 + 3 + 0. + 0. + 0.1 (5 1 
4K O. 7 +05 +0. Amytal, 5.4 moles. 3 4.6 3.7 2 51464 pro 
Rehomogenized. . . 5 | 9.1 9.8 9.3 114 9 4 0.2 & 0.3 +0 tion 
* 0.5 & 0.80 & 1. Amytal, 5.4 umoles + cub 
. methylene blue, 1 the 
* Tocopherol was rehomogenized with homogenate and then 3146 4.1 3 25 by 
incubated for 10 minutes at 37°. Average of three experiments is 4 0. 40.41 +0 * 
0 
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Tan VII 
Influence of buffer constituents on decline of a-ketoglutarate oxidation 
Time interval (min) 
Buffer constituents® No. of rats 0-30 30-60 60-90 
patoms 0] patoms [O) Declinet patoms 0 Decline 
% % 
Sodium phosphate 3 13.1 & 0.8 12.7 & 0.5 22 4 3820.2 | 71+ 2 
Sodium phosphate + NaCl...................... 4 11.5 + 1.2 5.2 & 1.2 57 & 4 1.6 * 0.1 86 & 1 
Sodium phosphate + KCl....................... 3 13.7 + 1.1 13.0 + 0.9 5+ 8 | 4521.1 | 65 + 12 
Sodium phosphate + NaCl + RC. 4 10.0 + 0.7 4.6 & 0.7 | 5+ 3 | 15202 | 88 & 2 
Potassium phosphate 4 14.0 & 0.6 12.8 & 1.4 8+ 7 5.4 4& 0.8 | 612 4 
Potassium phosphate + NaCl................... 3 11.4 + 1.5 6.7 & 3.0 4+14 | 282409 | S32 5 
Potassium phosphate + KCl..................... 4 13.2 + 0.7 12.6 + 1.1 4+ 5 | 63208 | 2 & 4 
* Amount of constituents in 3 ml when present: 40 moles of phosphate buffer, pH 7.4; 300 umoles of NaCl; 12 umoles of KCl; 4 


umoles MgSO,-7 H- O; 60 umoles of a-ketoglutarate (neutralized), and 3 moles of DPN. 


+ % Decline = — x 100. 


% Decline = — 100 


maintenance of a-ketoglutarate and succinate oxidation seems 
to be indicated. The details of this mechanism remain to be 
clarified. 

Such interpretation will have to take into consideration that 
there is an apparent lack of specificity of the tocopherol effect. 
Menadione, the Simon metabolite, DPPD, methylene blue, and 
perhaps other compounds are all effective in this system. How- 
ever, the fact that DPPD is also effective in preventing a-keto- 
glutarate decline when fed in the diet shows that the observed 
phenomena are not the result of nonspecific effects in vitro. To- 
copherol is the naturally occurring compound and is the most 
potent in the diet for protection against liver necrosis. That 
the others work indicates they have certain functional properties 
in common with the vitamin. These are necessary for reproduc- 
tion (17), protection against necrosis, etc., but they are not 
necessarily synonymous with antioxidant' activity. 

That the maintenance of oxidation is probably not related to 
prevention of peroxidation has been reported (18). Very little 
reduction of the thiobarbituric-reacting products of the incuba- 
tion was achieved by quantities of tocopherol, the Simon me- 
tabolite, and menadione which substantially prevented the de- 
cline of a-ketoglutarate oxidation. 

The action of menadione in this system cannot be related to 
its deficiency in the diet. As has been indicated, the animals 
are not deficient in this vitamin. Even the addition of 10 times 
the level of menadione (0.9 mg/100 g diet), did not affect the 
onset of liver necrosis (19). Yet further addition to the system 
in vitro prevents decline. Slater has recently studied the effect 
of menadione on the production of formazan by the succinate- 


‘neotetrazolium reductase system (20). In short term studies 


(5 to 10 minutes), he found a nonlinear increase in formazan 
production with increasing amounts of homogenate. The varia- 
tions in formazan production by varying the volume of the in- 
cubation medium and on addition of boiled homogenate suggested 
the dilution of a water-soluble cofactor. This could be replaced 
by menadione. Table IV and Fig. 1 indicate an initial increase 
in oxidation of succinate by vitamin K.,. Thus, in an homoge- 


VIII 


Influence of homogenizing medium on protective effects 
Substrate is a-ketoglutarate. Other conditions are the same 


as in Table I. 
Addition 
Homogenizing medium io. of} Decline 
Compound i 
% 
NaCl solution, 0.9%...... None 5 76 * 1 
NaCl solution, 0.9%... ... a-Tocopherol* | 3 5 | 6652 4 
NaCl solution, 0.9%...... a-Tocopherol* | 10 5 | B+ 9 
NaCl solution, 0.9%. ..... a-Tocopherol*® | 20 3 1 
NaCl solution, 0.9%...... Tocopherol 85 5 | 422 7 
metabolite 
NaCl solution, 0.9%...... Tocopherol 10 5 32 4 
metabolite 
Sucrose, 0.25 m........... None 5 | 68+ 2 
Sucrose, 0.25 m........... a-Tocopherol 314 54 4 7 
Sucrose, O. 25 a-Tocopherol 5 5 | 2+ 10 
Sucrose, 0.25 m........... a-Tocopherol 10 37 & 7 
Sucrose, 0.25 w........... Tocopherol 5 5 29 & 5 
metabolite 
Sucrose, O. 2 ......... Tocopherol 10 4 |T122 1 
metabolite 


* Tocopherol added to homogenate in small quantities of al- 
cohol (0.01 to 0.05 ml) and the mixture was rehomogenised. 


nate system in which the tissue contents are diluted, a require- 
ment for more menadione might be encountered. Whether the 
initial increase is related to the maintenance of oxidation is not 
as yet determined. 

Data in Tables I to III have given every indication that the 
amount of vitamin E present in Purina laboratory chow does 
not suffice to prevent the biochemical lesion described. The 
value of 3.5 ug of tocopherol per g of liver is indeed low. Since 
this is a commonly used laboratory diet, studies concerning the 
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oxidations of a-ketoglutarate, succinate, and perhaps other sub- 
strates may be complicated by the superimposition of this to- 
copherol deficiency on the experimental results. 


SUMMARY 

Liver homogenates from rats fed a diet deficient in vitamin E 
are unable to maintain a-ketoglutarate or succinate oxidation 
over a period of 14 hours. The decline of a-ketoglutarate oxi- 
dation can be completely prevented by dietary a-tocopherol and 
N ,N’-diphenyl-p-phenylenediamine or by supplementation in 
vitro of small quantities of a-tocopherol, menadione, N ,N’- 
diphenyl-p-phenylenediamine, methylene blue, and the Simon 
tocopherol metabolite. Succinate decline can be limited to a 
low rate by increased quantities of these compounds. 
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During the course of studies on the prevalence of enzymic 
Coenzyme A (CoA) transfer reactions (1—4) in animal tissues and 
yeast, evidence was obtained for the occurrence of the following 
new reactions of this type: 
Acetoacetyl-CoA + malonate = malonyl-CoA + acetoacetate (I) 
Acetoacetyl-CoA + glutarate glutaryl-CoA + acetoacetate (2) 

This paper describes the experiments which led to the identi- 
fication of these reactions and which demonstrated that they are 
catalyzed by the previously described enzyme, succinyl-8- 
ketoacyl-CoA transferase (4). The conversion of both synthetic 
and enzymically prepared malonyl-CoA to acetyl-CoA in pigeon 
liver is also demonstrated. 

EXPERIMENTAL PROCEDURE 


Methods and Preparations 
Test System for Enzymic CoA Transfer—The principle used in 
testing for enzymic CoA transfer was to determine whether the 
addition of carboxylic acids accelerated the disappearance of 
acetyl-CoA in the presence of various enzyme preparations as 
would be predicted from the general reaction (Reaction 3), in 
which R = H or COOH. Stimulation of acetyl-CoA disappear- 


Acetyl-CoA + R(CH2), COOH = @) 
R(CH:), CO-S-CoA + acetate 


ance by carboxylic acid would result if the equilibrium of Re- 
action 3 were significantly toward R(CH:), CO-S-CoA or if the 
latter disappeared in secondary reactions. In practice, acetyl- 
CoA was incubated with enzyme fractions with and without 
added carboxylic acids under the conditions described in Table I. 
At the end of the incubation period, 0.1 volume of 30% metaphos- 
phoric acid was added, the suspension neutralized carefully with 
2 n KOH, and centrifuged. A sample of the clear supernatant 
solution was used for enzymic determination of acetyl-CoA (5). 

Substrates — Acetyl - CoA, succinyl-CoA, and glutaryl-CoA 
were prepared from the corresponding anhydrides (6), and aceto- 
acetyl-CoA from diketene (7). 8,8-Dimethylglutaric, a-methyl- 
glutaric, and B-methylglutaric acids were purchased from Sapon 
Laboratories, New York; methylmalonic and dimethylmalonic 
acids from K and K Laboratories, New York; methylsuccinic 
and a,a-dimethylglutaric acids and malony! dichloride from 
Aldrich Chemical Company, Inc., Milwaukee. 

* Aided by a grant (A-739) from the United States Public 
Health Service. 
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Methods—The following analytical methods were used: citric 
acid (8), sulfhydryl (9), hydroxamic acid (10), animal protein 
— oy protein (12), acetyl-CoA, enzymic (5), and acetoacetic 

Enzyme Preparations—Dog skeletal muscle and heart were 
removed after sacrifice of the animal and stored at —20°. Partly 
thawed muscle was cut into thin slices and homogenized in a 
Waring Blendor at 0° with 5 volumes of cold 0.02 u KPO, buffer 
pH 7.5 containing 10-* potassium-.-cysteine and 10-* po- 
tassium ethylenediaminetetraacetate. After centrifugation at 
10,000 x g, the clear supernatant solution was fractionated 
according to Steps 2, 3, and 5 described for pig heart CoA trans- 
ferase (4). Pigeon liver acetone powder (Worthington Bio- 
chemical Corporation), was extracted at 0° with 10 volumes of 
0.02 M KHCO,. After centrifugation at 4600 x g, the super- 
natant solution was dialyzed overnight against 0.02 x KHCO; 
and then fractionated with (NH.) SO. The pig heart gel 
eluate fraction, obtained in the purification of gᷣ-hydroxybutyryl- 
CoA dehydrogenase (14), had very active malic dehydrogenase 
and citric-condensing enzyme activities and was used for enzymic 
acetyl-CoA assay. Red Star bakers’ yeast was suspended in 2 
volumes of 0.1 « KPO, buffer pH 7.5 and extracted by the pro- 
cedure of Utter et al. (15). The supernatant solution obtained 
after centrifugation at 105,000 X g for 30 minutes was dialyzed 
overnight against 0.02 mu KPO, buffer pH 7.5 containing 10-* N 
potassium ethylenediaminetetraacetate. 

Chromatography—Hydroxamic acids of dicarboxylic acids were 
extracted with acetone (16) before chromatography in water- 
saturated butanol (17). Acyl-CoA compounds were chroma- 
tographed on Whatman No. 3 paper by the procedure of Stadt- 
man (18). 

Synthesis of Malonyl-CoA—A quantity of 30 mg of CoA 
(Pabst Laboratories) was suspended in 0.10 ml of cold malonyl 
dichloride, equivalent to 188 umoles of dichloride by hydrox- 
amate assay. Cold water was added dropwise with rapid 
stirring until the CoA dissolved, the volume adjusted to 1.0 ml, 
and the solution extracted five times with 4.0 ml of ether to re- 
move most of the chromogen and malonic acid. Thioester 
formation, measured by the hydroxamate procedure, equaled 
50 to 60% of the CoA-SH disappearance which was complete. 
Malonyl dichloride alone, treated as above, gave some color in 
the hydroxamate test and an appropriate correction was made. 
Malonyl-CoA so formed had the same in R, ethanol-acetate 
solvent, 0.46, as ensymically synthesized malonyl-CoA. After 
reaction with hydroxylamine, it yielded a product of which the 
Ry (0.32) was the same as authentic malonomonohydroxamic 
acid. Reaction of malony! dichloride with hydroxylamine, and 
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Taste I 

Effect of mono- and dicarborylic acids on acetyl-CoA metabolism 

The test system contained (in wmoles) : Tris buffer pH 7.5 (100), 
MgCl; (8), mono- or dicarboxylic acid, K salt (100), acetyl-CoA 
(0.7) and enzyme. Volume 1.0 ml. Incubation, 20 minutes at 
37°. The enzymes used were dialyzed yeast extract (4.0 mg of 
protein), dog heart 0.35 to 0.65 saturated (NH,)2SO, fraction 
(10.8 mg of protein), dog skeletal muscle 0.35 to 0.65 saturated 
(NH,)2S0, fraction (10.8 mg of protein), and a pig heart fraction 
(3.7 mg of protein) prepared by salt fractionation, gel absorption, 
and elution. 


Acetyl-CoA 
Additions 
Yeast | peat | mustle | heart 
pmole 

Acetyl-CoA................. 0.31 0.26 0.19 0.02 
Acetyl-CoA + malonate..... 0.30 0.47 0.36 0.21 
Acetyl-CoA + succinate..... 0.56 0.68 0.59 0.44 

Acetyl-CoA + glutarate..... 0.49 0.33 0.23 

Acetyl-CoA + propionate...| 0.58 0.33 
Acetyl-CoA + butyrate..... 0.35 0.30 0.08 


chromatography of the products gave a mixture of malonomono- 
hydroxamic acid and malonodihydroxamic acid (Rp, 0.15). It 
is not clear whether the presence of malonyl monochloride was 
essential for malonyl-CoA synthesis by this procedure. 


Stimulation of Acetyl-CoA Disappearance—As shown in Table 
I, acetyl-CoA itself was metabolized by enzyme fractions from 
yeast, dog heart and skeletal muscle, and pig heart. This disap- 
pearance resulted almost exclusively from deacylation (direct 
or indirect), as it was accompanied by roughly equivalent sulf- 
hydryl (i.e. CoA-SH) release. In yeast, acetyl-CoA diasppear- 
ance was increased by succinate, glutarate, propionate, and 
butyrate, but not by malonate. In heart and muscle, all three 
dicarboxylic acids increased acetyl-CoA disappearance. In the 
case of dog muscle, the occurrence of the overall Reaction 3 was 
further confirmed by converting residual thioesters to their 
hydroxamates, extracting the latter as outlined in Experimental 
Procedure” and subjecting them to paper chromatography with 
water-saturated butanol as solvent. After spraying with FeCls, 
in addition to acethydroxamic acid (Re, 0.49), a new hydroxamic 
acid spot was found corresponding to the R, of malonomono- 
hydroxamic acid (Ry, 0.32), succinomonohydroxamic acid (Rp, 
0.38) or glutaromonohydroxamic acid (Rp, 0.42). 

CoA Transferases in Feast The experiment in Table I sug- 
gested the presence of acetyl-succinyl-CoA transferase (2, 3) 
catalyzing Reaction 4 and the acetyl-propionyl-CoA transferase 
(1) catalyzing Reaction 5. 

Acetyl-CoA + succinate = succinyl-CoA + acetate (4) 
Acetyl-CoA + propionate = propionyl-CoA + acetate (5) 


Further evidence for Reaction 4 was obtained by coupling the 
reverse Reaction 4 with endogenous citrate-condensing enzyme 

and measuring citrate synthesis from oxalacetate (20 umoles), 
succinyl-CoA (1 umole), and acetate (100 wmoles) in the presence 
of Mg** (8 umoles), GSH (20 umoles), KPO, buffer pH 7.5 (100 
umoles), and a yeast fraction (6.1 mg of protein) precipitated by 
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40% ethanol at —10°. Oxalacetate alone gave 0.05 umole of 
citrate; oxalacetate + acetate, 0.13 umole; oxalacetate + suc- 
cinyl-CoA, 0.06 umole; and oxalacetate + succinyl-CoA + ace. 
tate, 0.50 wmole. However, propionyl-CoA did not lead to 
extra citrate synthesis when substituted for succinyl-CoA in the 
above system. Tests for CoA transfer from acetoacetyl-CoA to 
malonate (Reaction 1) and to succinate by direct optical assay 
(4) were negative in various yeast fractions, indicating the ab- 
sence of succiny]-8-ketoacyl-CoA transferase. 

CoA Transferase in Tissue Extracte—Experiments similar to 
the above failed to show any activation of acetate by succinyl- 
CoA, i. e. the reverse Reaction 4, by heart and muscle enzyme 
fractions. For this reason, a second mechanism which can 
explain the stimulation of acetyl-CoA disappearance by dicar- 
boxylic acids was explored. This mechanism would result in 
the synthesis of acetoacetyl-CoA according to Reaction 6. The 
acetoacetyl-CoA could then transfer its CoA moiety to the di- 
carboxylic acid (Reaction 7) in analogous manner to the succinyl- 
8-ketoacyl-CoA transferase of pig heart (4). 

2 Acetyl-CoA = acetoacetyl-CoA + CoA-SH (6) 


COOH COOH 
Acetoacetyl-CoA + (CH). — (CH.). + acetoacetate (7) 


COOH CO-8-CoA 
COOH 


Sum: 2 Acetyl-CoA + (CH.). = 


COOH 
COOH 


(8) 


(CH.), + acetoacetate + CoA-SH 


CO-8-CoA 
This reaction sequence predicts that stimulation of acetyl- 
CoA disappearance by dicarboxylic acid should (a) result in 
concomitant acetoacetate formation and (b) be abolished by 
iodoacetamide which inactivates thiolase (7, 19) but not the 
succiny]-8-ketoacy]-CoA transferase of pig heart (4). As shown 
in Table II, the addition of succinate and glutarate resulted in 


TABLE II 
Effect of dicarborylic acids on acetoacetate 
synthesis from acetyl-CoA 
Conditions as in Table I. Enzyme fractions (10 mg of protein) 
from dog skeletal muscle and heart as in Table I. 


Dog muscle Dog heart 
Additions a 
+4 
umole pmole 

„„ „ 0.24 0 0.26 | 0.02 
Acetyl-CoA + malonatef....| 0.42 0.47 
Acetyl-CoA + succinate..... 0.50 | 0.10 | 0.68 0.12 
Acetyl-CoA + glutarate..... 0.39 | 0.04 | 0.33 0.04 


* Ac-CoA = acetyl-CoA. 
t AcAc = acetoacetic acid. 
t Assays as acetoacetate by Walker method. 
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III 
Inhibition by todoacetamide of dicarbozylic acid stimulation 
of acetyl-CoA metabolism 

Conditions as in Table I. The pH 7.4 gel eluate fraction of 
dog skeletal muscle (2.5 mg of protein) was used. The ensyme 
fraction was incubated with 10˙ M iodoacetamide for 30 minutes 
at 0°. Glutathione was then added to 10 u concentration and 
the fraction dialysed for 4 hours against three changes of 0.02 1 
KPO, buffer pH 7.5. Values are zmoles of acetyl-CoA disap- 


Additions enzyme | treated enzyme 
umole pmole 
0 0.07 
Acetyl-CoA + malonate.............. 0.17 0.07 
Acetyl-CoA + succinate.............. 0.64 0.05 
eae * La 
2 
E 
080 
< oa 
0.40 
0.35 
3 O30F 
0.20 


0 8 10 16 20 28 30 
MINUTES 

Fic. 1. Optical assay of CoA transferase in muscle. The com- 
plete reaction mixture is given in Table IV. pH 7.4 eluate fraction 
(3.2 mg of protein) of dog muscle was used. Silica cuvettes, d = 
0.5 em. Volume 1.50 ml. Temp. 22°. At zero time the reaction 
was started by addition of ensyme and dicarboxylic acid to the 
other components as follows: O——O, no dicarboxylic acid 
— A—A, glutarate; @——@, malonate; 4A — A, succi- 


extra acetoacetate synthesis as well as acetyl-CoA disappearance. 
The amount of acetoacetate formed was less than half the extra 
acetyl-CoA disappearing as predicted by the net Reaction 8 
because of some decarboxylation of acetoacetate and possibly of 
other secondary reactions. Table III demonstrates that iodo- 
acetamide treatment of dog muscle enzyme fraction completely 
abolished the stimulatory action of dicarboxylic acids on acetyl- 
CoA metabolism. 

Direct Optical Test for CoA Transferase—Proof of the occur- 
rence of Reactions 1 and 2 was obtained by direct optical assay 
(4) with substrate amounts of acetoacetyl-CoA. As illustrated 
in Fig. 1, the addition of malonate and glutarate, as well as 
succinate, caused an accelerated rate of acetoacetyl-CoA disap- 
pearance by an enzyme fraction from dog skeletal muscle. The 
relative order of activities of glutarate, malonate, and succinate 
was the same as in the test for CoA transferase utilizing acetyl- 
CoA. 

In order to determine whether one or more enzymes were in- 


G. K. K. Menon and J. R. Stern 


Tant IV 


Relative rates of CoA tranafer from acetoacetyl-CoA 
to dicarbozylic acids 
The eben mixture contained (in moles): Tris buffer pH 
8.15 (150), dipotassium malonate or succinate (50), acetoacetyl- 
CoA (0.3), and dog muscle ensyme fraction as indicated. Volume 
15 ml. Direct optical assay of CoA transferase (4). Specific 
activity equals AA ue per minute per mg of protein. 


Specific activity 
Succinate 
Fraction 
Malonate Succinate ‘Melonste 
35-65 AmSO,............. 0.28 12.2 43.6 
40-57 Acetone............. 0.44 18.0 40.8 
7.4 Gel eluate............. 0.78 38.6 49.4 
CoA transferase*.......... 75.0 3750.0 50.0 


P See legend to 


OPTICAL DENSITY (A- 310 mp) 


MINUTES 


Fie. 2. Specificity of pig heart CoA transferase. Conditions 


as in Fig. 1. Practically pure CoA transferase, original specific 
activity 1000 (4) was used. „ 


cinate, but not with glutarate. The earlier negative result was 
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@—@, malonate added; A——A, succinate added. 
volved in the transfer reaction, the relative rates of CoA transfer 
from acetoacetyl-CoA to malonate and succinate (glutarate was 
nein) omitted because of its low reactivity) were measured by the 
optical method in various skeletal muscle fractions (Table IV). 
The rate of CoA transfer from acetoacetyl-CoA to succinate was 
about 50 times faster than the rate of CoA transfer to malonate 
42 over a three-fold purification range. This finding prompted a 
reinvestigation of the specificity of the practically pure pig heart 
succinyl--ketoacyl-CoA transferase which had been reported to 
).02 be inactive with malonate. As illustrated in Fig. 2, this pig 
as heart CoA transferase was active with malonate as well as suc- 
appreciated that the rate of transfer from acetoacetyl-CoA to 
malonate would be only 2% that to succinate (Table IV). 
These data show that the same CoA transferase catalyzes CoA 


TaBLe V 
Conversion of ‘‘enzymic’’ malonyl-CoA to 

acetyl-CoA by pigeon liver 
The reaction mixture contained (in moles): KPO, buffer pH 
7.5 (100), MgCl; (8), MnCl, (0.5), GSH (20), oxaloacetate (20), 
and 0 to 0.4 saturated (NH.) S0, fraction (25 mg of protein) 
of pigeon liver extract. Malonyl-CoA was prepared from aceto- 
acetyl-CoA (Experiments 1 and 2) and succinyl-CoA (Experi- 
ment 3). Succinyl-CoA (2.0 wmoles) was added as indicated. 

Volume 2.0 ml. Incubation 60 minutes at 37°. 


Citrate formation 
Additions 

pmole 
0 0.04 0.03 
Oxaloacetate + malonyl-CoA...... 0.30 0.27 0.24 
Oxaloacetate + malonyl- COA“. 0.07 0.07 
Oxaloacetate + succinyl-CoA..... 0.04 
Thioester added................... 0.72 0.72 0.82 
Conversion, W000. 32 29 26 


* Tested after alkaline hydrolysis. 


transfer to both malonate and succinate in pig heart and dog 
muscle. The dog muscle enzyme either differs from the pig 
heart enzyme in having significant action with glutarate or else 
a discrete CoA transferase specific for glutarate may occur in dog 
muscle and heart, and perhaps pig heart (cf. Table I and Fig. 1). 
The following compounds were inactive as CoA acceptors from 
acetoacetyl-CoA when tested with the pig heart CoA transferase 
(24 ug) or the dog muscle eluate fraction (cf. Fig. 1): 2-methyl- 
malonate, methylsuccinate, 2,2-dimethylmalonate, a- or 8 
methylglutarate, a, a- or 8 ,B-dimethylglutarate. 

Preparation of Malonyl-CoA from Acetoacetyl-CoA—The re- 
action mixture, volume 6.0 ml, contained: Tris buffer pH 7.0, 
1000 ymoles; dipotassium malonate, 200 acetoacetyl- 
CoA, 20.1 ymoles; and iodoacetamide-treated 40 to 57% acetone 
fraction of dog muscle extract, 81 mg of protein. The mixture 
was incubated at 37° and samples were removed at intervals for 
enzymic determination of residual acetoacetyl-CoA with crys- 
talline dehydrogenase (14). After 35 minutes the mixture was 
heated to 100° for 1 minute, cooled rapidly on ice, and the pre- 
cipitate removed by centrifugation. Analysis of the supernatant 
solution showed that 1.0 umole of acetoacetyl-CoA and 14.4 
umoles of thioester (as determined with hydroxylamine) re- 
mained; also, 1.2 wmoles of acetyl-CoA had been formed. Ace- 
toacetyl-CoA reacts with hydroxylamine, but the resulting 
hydroxamic acid gives a negligible color with Fe+++. The ac- 
cumulated thioester on chromatography in ethanol-acetate 
solvent pH 4.7 (18) gave an Rp of 0.46. The R, values for syn- 
thetic malonyl-CoA, acetyl-CoA, succinyl-CoA, glutaryl-CoA, 
and acetoacetyl-CoA under the same conditions were 0.46, 0.56, 
0.54, 0.55, and 0.60, respectively. Thus malonyl-CoA can be 
separated from these thioesters. The hydroxamic acid of the 
accumulated thioester on y in water-saturated 
butanol (17) had an R, of 0.32. The R, values of synthetic 
malonomonohydroxamic, acetohydroxamic, succinomonohydrox- 
amic, and glutaromonohydroxamic acids were 0.32, 0.49, 0.38, 
and 0.42, respectively. In this experiment then, the yield of 
malonyl-CoA (13.2 x 100 + 19.1) was 69%. 
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TasBie VI 
Conversion of synthetic malonyl-CoA to 
acetyl-CoA in pigeon liver 
Conditions as in Table V. Malonate (100 wmoles) and CoA-SH 


(0.5 smole) added as indicated. 
Citrate formation 
Additions — 
| Experiment 
pmole 
Oxaloacet ate 0.04 0.04 0 
Oxaloacetate + malonyl-CoA..... .| 0.24 0.26 0.26 
Oxaloacetate + malonate + CoA. 0.07 0.08 0.04 
Thioester added................... 0.76 0.97 0.94 
Conversion, 990. 22 19 23 


Preparation of Malonyl-CoA from Succinyl-CoA—The fact that 
CoA transferase catalyzes an exchange of succinate with suceinyl- 
CoA (20) and also of acetoacetate with acetoacetyl-CoA! has led 
to the formulation (20, 21) of a CoA-enzyme intermediate: 


Succinyl-CoA + E = CoA-enzyme + succinate (9) 


These results suggest that the enzyme would also catalyze the 
reversible synthesis of malonyl-CoA from succinyl-CoA: 


Succinyl-CoA + malonate = malonyl-CoA + succinate (10) 


To test for this reaction, Tris buffer pH 7.0, 800 umoles; dipotas- 
sium malonate, 200 wmoles; succinyl-CoA, 6.5 umoles (#10 
umoles hydroxamic acid); and 40 to 57% acetone fraction of dog 
muscle extract, 40 mg of protein, in a volume of 3.0 ml, were in- 
cubated for 30 minutes at 22°. The mixture was heated at 100° 
for 1 minute to hydrolyze any residual succinyl-CoA (malonyl- 
CoA is stable), although a control experiment indicated that in 
the absence of malonate all the succinyl-CoA disappeared under 
the experimental conditions. After rapid cooling, the protein 
was removed by centrifugation. Hydroxylamine assay of the 
supernatant solution showed 2.5 umoles of thioester were present. 
The identity of the thioester as malonyl-CoA was indicated by 
its enzymic conversion to citrate (i.e. acetyl-CoA) in the presence 
of oxaloacetate and pigeon liver enzyme fraction (Table V, 
Experiment 3). Thus, 0.82 umole of thioester gave 0.21 umole 
of citrate. Substitution of 2.0 wmoles of succinyl-CoA for the 
thioester yielded no citrate in this system. This experiment 
clearly demonstrates that CoA transferase can catalyze the ex- 
change of CoA between succinate and malonate and lends further 
support to the formulation of a CoA-enzyme intermediate in the 
reaction. 

Enzymic Conversion of Malonyl-CoA to Acetyl-CoA—The possi- 
ble conversion of malonyl-CoA to acetyl-CoA by pigeon liver was 
tested by coupling with endogenous citrate-condensing enzyme 
and measuring citrate synthesis from malonyl-CoA and oxalace- 
tate. Both enzymic and synthetic malonyl-CoA were deter- 
mined to be free of acetyl-CoA by direct enzymic assay (5), 
and both were converted to citrate (i.e. acetyl-CoA) by a pigeon 
liver enzyme fraction (Tables V and VI). This conversion did 
not occur after alkaline hydrolysis of enzymic malonyl-CoA. 
Since there were variable amounts of malonate in the thioester 
solution, and about 50% of the thioester was deacylated under 
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the experimental conditions, it was further shown that malonate 
plus CoA-SH did not replace malonyl-CoA (Table VI). These 
experiments rule out an indirect synthesis of citrate via decar- 
boxylation of malonate to acetate followed by possible conversion 
of the latter to acetyl-CoA. This decarboxylation does not in- 
volve reversal of the acetyl-CoA carboxylase reaction (22, 23) 
since this enzyme fraction did not fix any CO; in the presence of 
acetyl-CoA, propionyl-CoA, or butyryl-CoA (24) and hence was 
devoid of propionyl-CoA carboxylase (25). This enzymic con- 
version of malonyl-CoA to acetyl-CoA was also observed in the 
0.3 to 0.6 saturated (NH). S0. fraction of dog skeletal muscle in 
which the conversion was 15 to 18%. The decarboxylation of 
malonyl-CoA to acetyl-CoA has been independently noted by 
Wakil (26) in pigeon liver and by Lynen and Kessel (27) in yeast. 


These experiments demonstrate the synthesis of malonyl-CoA 
and of glutaryl-CoA by enzymic transfer of CoA from aceto- 
acetyl-CoA (Reactions 1 and 2) and establish that the synthesis 
is catalyzed by the enzyme succiny]-8-ketoacy]-CoA transferase. 
Thus another biosynthetic route to malonyl-CoA may be added 
to the following known mechanisms: (a) activation of malonate 
to malonyl-CoA via an ATP-, CoA-dependent reaction, first 
described in Pseudomonas (16) and later in rat kidney (28) and 
pig heart (29); (b) carboxylation of acetyl-CoA to malonyl-CoA 
by various tissues (22-24); and (e) oxidation of malonyl! semi- 
aldehyde-CoA to malonyl-CoA in Clostridium kluyveri (30). 
This route can operate in peripheral tissues but not in liver which 
is devoid of CoA transferase. Malonyl-CoA has been identified 
as an intermediate in fatty acid synthesis (22, 29). The CoA 
transferase reaction by exchanging CoA between succinyl-CoA 
and malonate and between acetoacetyl- COA and malonate pro- 
vides a link in peripheral tissues between the citric acid cycle and 
fatty acid synthesis on the one hand, and the fatty acid oxidation 
cycle and fatty acid synthesis on the other. In the presence of 


a-Ketoglutarate + DPN* + CoA = 
succinyl-CoA + DPNH + H* + CO; 
Succinyl-CoA + GDP + Pi succinate + GTP + CoA (12) 
Succinyl-CoA + malonate = malonyl-CoA + succinate (13) 


malonate or glutarate, CoA transferase could replace the require- 
ment for the P enzyme (Reaction 12) in the coupled oxidation of 
a-ketoglutarate (Reaction 11) to succinate. However, it is not 
clear in what way malonate may arise in peripheral tissues, since 
no complete enzymic pathway for biosynthesis of malonate other 
than by carboxylation, e.g. from 8-alanine or propionate (31), is 
known. 

The decarboxylation of malonyl-CoA to acetyl-CoA by a re- 
action other than reversal of the carboxylation of acetyl-CoA 
provides a means of oxidizing malonyl-CoA via the citric acid 
cycle and accounts for the conversion of malonate carbon to CO; 
in the intact mouse (32) and to acetoacetate in rat liver slices 
(28). The significance of this reaction is obscure, since malonyl- 
CoA has not been shown to be an intermediate in degradative 

2 


processes 
The reactivity of glutarate with CoA transferase provides a 


2 Malonyl-CoA may be formed from glutarate in cat liver by 
— of a glutaryl- CoA derivative to C-3 and C- 2 compounds 


(11) 
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means glutarate, generated in the metabolism of lysine 
(33) and of tryptophan (34), can be converted to glutaryl-CoA 
by exchange with acetoacetyl-CoA, succinyl-CoA, or malonyl- 
CoA. This conversion is probably the first step in the oxidation 
of glutarate to acetate (35, 36) by a pathway of which the 
ensymic steps have been partly elucidated (37). Animal tissues, 
including liver, also possess a second enzyme, the specific glu- 
tarate-activating enzyme (38), which catalyses the conversion of 
glutarate to glutaryl-CoA in the presence of CoA and ATP. 
SUMMARY 


1. A general method of testing for ensymic transfer of coen- 
syme A (CoA) from acetyl-coensyme A to a carboxylic acid is 


2. Yeast was shown to possess the enzyme, acetyl-suceinyl- 
CoA transferase, which catalyzes the reversible reaction, acetyl- 
CoA + succinate = succinyl-CoA + acetate. 

3. Dog muscle and heart extracts were shown to catalyze the 
following CoA transfer reactions: (a) acetoacetyl-CoA + malo- 
nate = malonyl-CoA + acetoacetate, and () acetoacetyl-CoA 
+ glutarate = glutaryl-CoA + acetoacetate, as well as (c) 
acetoacetyl-CoA + succinate suceinyl- COA + acetoacetate. 
It was further demonstrated that the highly purified succiny]- 
B-ketoacyl-CoA transferase of pig heart which catalyzes reaction 
(e) also catalyzes reaction (a) but not reaction (b). 

4. Malonyl-CoA has been prepared synthetically with ma lonyl 
dichloride and CoA, and also enzymically from either acetoacetyl- 
CoA or suceinyl-CoA via CoA transfer to malonate. 

5. Both the synthetic and the enzymic preparations of malo- 
nyl-CoA are converted to acetyl-CoA by extracts of pigeon liver 
and of dog skeletal muscle. This reaction does not involve 
reversal of the acetyl-CoA carboxylation reaction and is pre- 


sumably a direct decarboxylation. 
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Although a great deal of work on the microbiological hydroxyl- 
ation of steroids has appeared (1-4), it has been limited almost 
exclusively to Cis and Ca compounds related to the adrenal and 
sex hormones. Until the recent work of Nawa et al. (5) and 
Tamm and Gubler (6-9) there appears to have been no applica- 
tions of this technique to the cardiac lactones. The latter au- 
thors have made the interesting observation that if cardenolides 
are incubated with Fusarium lini, hydroxylation does not occur 
at the expected 15a or 68 positions (10) but instead takes place 
at carbon 12. 

The work to be reported here was carried out with another 
mold, Tricothecium (Cephalothecium) roseum, which is known to 
hydroxylate progesterone at the 17a, lla, and 68 positions (11). 
It was originally undertaken in an effort to convert cardiac agly- 
cones to the unknown 17a-hydroxy derivatives which were de- 
sired for pharmacological testing. It has been observed by 
Hajdu (12) that deoxycorticosterone and several other adrenal 
cortical steroids have a digitalislike effect on the Bowditch stair- 
case in the isolated frog heart. The corresponding 17a-hydroxy 
derivatives, however, act in the opposite sense, tending to en- 
hance rather than diminish the staircase phenomenon. It was 
hoped that a similar reversal of effect might be demonstrated 
with the cardiac aglycones, and that hydroxylation at position 
17 might yield substances antagonistic to the action of the car- 
denolides. 
was the expected instability of the 17-hydroxy aglycones. The 
presence of tertiary hydroxyls at both positions 14 and 17 would 
make these compounds susceptible to dehydration 
to the conjugated A. 16. %., cardatrienolides and there was some 
ͥ ” T—— 


eee dehydration of a hydroxylated intermediate may 
account for the appearance of Ale. monoanhydrogitoxigenin (II) 
as one of the three products obtained when digitoxigenin (I) was 
incubated with T. roseum. In spite of the mildness of the con- 
ditions of incubation and isolation no 17-hydroxy derivatives 
could be identified. A second product has been identified by 


chromatographic comparisons as sarmentogenin (IV), the prod- 
uct to be expected from 11a hydroxylation. The most abundant 
product was a biologically inactive aglycone which did not cor- 
respond in physical properties or chromatographic behavior to 
any of the known cardiac lactones. There is evidence to suggest 
that this may be the hitherto unreported 68-hydroxydigitoxigenin 
(III). 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Tricothecium roseum, ATCC No. 8685, obtained from the 
American Type Culture Collection, Washington, D. C., was 
maintained on slants of 2% malt agar at 25°. Transfers were 
made at 2-week intervals. 

Incubation Conditions—A corn steep medium was prepared by 
mixing 120 ml of corn steep liquor, 90 g of dextrose, 30 g of cal- 
cium carbonate, and 6 liters of water. The pH was adjusted to 
6.0. Fifty-milliliter batches of sterile medium in 250-ml Erlen- 
meyer flasks were inoculated with T. roseum and agitated for 2 
days at 25° on a platform shaker. Ten to 20 mg of steroid were 
introduced as a solution in a few drops of acetone, and shaking 
was continued for 24 hours. The contents of the flasks were 
centrifuged to separate the mycelium, and the supernatant solu- 
tions were shaken with 50 ml of a chloroform-methanol mixture 
(9:1, volume per volume). The two liquid phases were sep- 
arated and the aqueous layer was shaken with a 2nd 50 ml-mix- 
ture of chloroform and methanol. The combined organic ex- 
tracts were washed by shaking with water, dried over Na;SQ,, 
and evaporated under vacuum. 

Through the kindness of Dr. David Perlman large scale incu- 
bations of digitoxigenin were carried out under essentially the 
above conditions in the laboratories of The Squibb Institute for 
Medical Research. 

Paper Chromatography—Aliquots of the extracts containing 
approximately 100 ug of steroid were chromatographed for 48 
hours on sheets of Whatman No. 1 paper with the toluene-pro- 
pylene glycol system described by Burton et al. (13). A reference 
spot of digitoxigenin was always included on each paper. The 
papers were dried in warm air and sprayed with a solution con- 
taining 1 g of 3,5-dinitrobenzoic acid and 2.8 g of KOH in 100 
ml of 50% methanol (14). The purple spots remained visible 
for about 20 minutes. 

Occasional ascending chromatograms were run with the use of 
CHC), saturated with formamide as the developing solvent (15). 
For these, spots of 50 to 75 wg were placed on sheets of Whatman 
No. 1 paper which had been immersed in a 20% solution of form- 
amide in acetone and allowed to dry in air for 10 minutes. About 
4 hours were required for development at 25°. 

In order to estimate the vields of the hydroxylated derivatives 
a concentrated extract from the incubation of about 30 mg of 
digitoxigenin was deposited as a strip along one edge of a sheet 
of Whatman No. 3 paper and chromatographed in the toluene- 
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propylene glycol system. The fractions were located by spray- 
ing a series of transverse strips cut from the chromatogram, and 
the individual steroids were recovered by elution of appropriate 
strips of paper with chloroform-methanol, 1:1. The eluates were 
evaporated under vacuum, taken into chloroform, and washed 
with water to remove propylene glycol. 

Analytical Methods—Appropriate aliquots of the isolated ster- 
oids were evaporated in test tubes under a stream of nitrogen 
for colorimetric determination by a modification of the method 
of Pratt (16). The sample was dissolved in 0.5 ml of ethanol, 
and 0.5 ml of water and 1.0 ml of a 1% solution of 3, 5-dinitro- 
benzoic acid in ethanol was added. After 3 minutes 1.0 ml of 
0.2 N KOH was added, the solution was allowed to stand 18 
minutes, and the optical density was read at 550 my in a Beck- 
man model DU spectrophotometer. Under these conditions 
0.1 wmole of cardiac lactone gave an optical density of 0.140. 

The determination of cardiac lactones by conversion to hy- 
droxamic acids and complexing with ferric ion was carried out 
according to the procedure of Rapport and Alonzo (17). 

For the quantitative determination of the hoped for 17-hy- 
droxy derivative a method involving dehydration in acid was 
devised. Digitaligenin (VI), the expected dehydration product, 
could be easily determined spectrophotometrically by means of 
the strong absorption band near 340 my, log e 4.31 (18), which 
results from the introduction of two double bonds into conjuga- 
tion with the unsaturated lactone. This compound is easily 
obtained by acidification of gitoxigenin (V) (19), and since the 
loss of the tertiary 17-hydroxyl group should proceed even more 
readily than the removal of the secondary hydroxy] on carbon 16 
of gitoxigenin, it was assumed that the latter compound was a 
suitable model to use in developing an analytical method. 

In the procedure finally chosen, suitable aliquots of solutions 
of the steroids in chloroform were evaporated to dryness under a 
stream of nitrogen in test tubes marked with an etched line at 
the 5-ml level. Each tube was then filled with 5 ml of a mixture 
of equal parts of ethanol and 20% sulfuric acid, fitted with a 
small reflux condenser, and heated in a boiling water bath for 
100 minutes. After the tubes had cooled any losses in volume 
were restored by the addition of ethanol and the optical density 
of the solution at 344 my was determined in the Beckman model 
DU spectrophotometer. Under these conditions reagent blanks 
were negligible. The optical density per ug of gitoxigenin was 
0.0107 + 0.003 for quantities up to 100 wg. With quantities 
greater than this deviations from Beer’s law were encountered. 

Column Chromatography—Florisil, 60 to 100 mesh, obtained 
from the Floridin Company, Warren, Pennsylvania, was washed 
with water, CHCl;, and ethanol, sucked dry on a Buchner fun- 
nel, and heated to 300° for several hours before use. 

Silicie acid (Mallinckrodt 100 mesh, suitable for chromato- 
graphic analysis) was stirred vigorously in approximately 5 vol- 
umes of water and allowed to stand for 10 minutes. The sus- 
pended fine solids were decanted and the heavier residue was 
again shaken with water. The residue remaining from the sec- 
ond decantation was dried in air and heated at 100° overnight. 

Columns were prepared by pouring a slurry of adsorbent and 
the first solvent to be used for elution into the chromatographic 
tubes. The solid was allowed to settle and excess solvent was 
strained off until the meniscus touched the top of the column. 

Reproducible separations of the metabolites of digitoxigenin 
were obtained on columns 1.2 cm in diameter containing 9.0 g of 
silicic acid. A quantity of steroid not exceeding 180 mg was 
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placed on the column as a solution in a minimal volume of chloro- 
form containing 2% by volume of methanol, and the same solvent 
was used for elution at a rate of 1.0 ml per minute. Five-milli- 
liter fractions were collected. At Fraction 35 the solvent was 
changed to 5% methanol in chloroform, and after Fraction 47 
the methanol content was increased to 20%. 

Chemicals—Digitoxigenin was obtained from the Lilly Re- 
search Laboratories through the courtesy of Dr. K. K. Chen. 
Commercial digitoxin was freed from other cardiac lactones by 
chromatography. A solution of 200 mg in 1 ml of ethylene chlo- 
ride containing 15% by volume of methanol was placed on 8.5 g 
of Florisil. Elution with 40 ml of 4% methanol in ethylene chlo- 
ride yielded 108 mg of digitoxin which was homogenous when 
chromatographed on paper with the toluene-propylene glycol 
system. 

Digitaligenin (dianhydrogitoxigenin), m.p. 205 to 210°, was 
prepared from gitoxigenin by the procedure of Windaus and 
Schwarte (19). Gitoxigenin and periplogenin were obtained 
through the generosity of Dr. Walter A. Jacobs. 


Paper Chromatography The chloroform-methanol extracts ob- 
tained from cultures of T. roseum that had been incubated with 
digitoxigenin were found to contain four components upon paper 
chromatographic examination. These were numbered in the 
order of their mobilities in the toluene-propylene glycol system 
as illustrated in Fig. 1. The individual spots were characterized 
by the ratio of their distance from the origin to the distance 
traveled by a reference spot of digitoxigenin. These ratios, 
which are summarized as values of Rp in Table I, were found to 
be reproducible within + 0.02 in a series of chromatograms car- 
ried out over several months. 

Components 1 and 4 were chromatographically identical with 
digitoxigenin and its lla-hydroxy derivative, sarmentogenin 
(IV), respectively, but Components 2 and 3 did not correspond 
to any of the commonly available cardiac aglycones. 

The yields of the individual lactones as estimated by analysis 
of eluates from large scale chromatograms on Whatman No. 3 
paper are recorded in Table I. Since determination of the lac- 
tones as esterified carboxyl groups (17) or by color formation 
with 3,5-dinitrobenzoic acid gave identical results, it was as- 
sumed that all of the material reacting with the dinitrobenzoic 
acid retained the lactone group and that no degradation to 17- 
ketosteroids, which could also be determined by this procedure, 
had occurred. Extracts from untreated cultures of 7. roseum 
gave no color with 3, 5-dinitrobenzoic acid. 

Aliquots containing 75 ug of steroid from each of the chroma- 
tographic fractions were also analyzed by the dehydration pro- 
cedure in ethanol-H:SO,. Only with Component 2 did any ab- 
sorption at 344 my appear in the heated solution. Occasional 
difficulties were encountered in separating pure Component 2 by 
preparative chromatography on Whatman No. 3 paper. Since 
the eluates containing this component sometimes contained some 
contaminating digitoxigenin, the yields of Component 2 were 
calculated from the absorption values at 344 mu. 

Identification of Components—Large scale incubations of 2.6 
batches of digitoxigenin yielded the expected mixture of com- 
ponents in approximately the same proportions as the smaller 
fermentations. Evaporation of the chloroform-methanol ex- 
tract from one of these incubations left 3.3 g of oily residue con- 
taining 888 mg of cardiac lactone. Paper chromatography of 
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Fic. 1. Paper chromatography of cardenolides. A, Toluene- 
propylene glycol system (13), 42 hours; B, toluene-propylene 
glycol system, 18 hours; C, CHC1,-HCONH; system, 4 hours (15); 
1, digitoxigenin ; 2, mixture of products from fermentation of 4 
toxigenin with T. roseum; 3, periplogenin ; 4, strophanthidin; 5, 
gitoxigenin; 6, sarmentogenin; 7, mixture of dibenzoates of dar- 
mentogenin and Component 4; 8, mixture of dibenzoates of Com- 
ponent 3 and metabolite from S. aureofaciens; 9, mixture of sar- 
mentogenin and Component 4; /0, mixture of Component 3 and 
metabolite from S. aureofaciens; and 11, product from isomeriza- 


tion of sarmentogenin (27). 
Taste I 
Yields of metabolites obtained by incubation of digitozigenin 
with Tricothecium roseum 

Substance 
Fraction Rp as 
24 brs | 48 hrs 

1 1.00 Digitoxigenin 46 12 
2 0.73 A'*-Anhydrodigitoxigenin 1.1] 1.6 
3 0.23 6-8-Hydroxydigitoxigenin(?) | 8.2 15.3 
4 0.00 Sarmentogenin 4.5 10.0 


* Ratio of distance traveled by metabolite to distance of digi- 
toxigenin spot from origin of paper chromatograms (13). 


this extract revealed small amounts of a lactone less polar than 
digitoxigenin, (Rp = 1.52) which did not occur in the small scale 
fermentations. Since this substance was chromatographically 
indistinguishable from digitoxigenone and gave no absorption at 
344 my after being heated in ethanolic H,SO,, it was presumed 
to arise from microbiological oxidation of carbon 3 and was not 
further investigated. 

When the fermentation products were chromatographed on 
silicic acid columns, digitoxigenin emerged as a fraction with 
maximal concentration in Tubes 18 to 20 (Fig. 2). This was 
easily identified by paper chromatographic comparison with 
authentic material and by recrystallization from ethanol to yield 
a product with the same melting point, 247 to 253°, as the start- 

Only incomplete separation of Component 2 from digitoxigenin 
could be achieved by chromatography on silicic acid. The best 
preparations were obtained in Tubes 27 to 34 when the fraction 
containing the two substances was rechromatographed on a sim- 
ilar column. Preparations of Component 2 obtained either from 
silicic acid or by preparative paper chromatography invariably 
showed an absorption maximum at 272 my in ethanol which is 
characteristic of A'*-cardadienolides (18, 20). 
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Fic. 2. Chromatography of 180 mg of product from fermenta- 
tion of digitoxigenin with T. roseum on 9 g of silicic acid. Five- 
milliliter fractions of the following eluents were collected: 1 to 35, 
CHCl.-CH, OH (98:2 volume per volume); 36 to 47, CHCl.-CH,OH 
(95:5 CHC1;-CH,OH (80:20 volume 
per volume). 
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Fic. 3. Absorption spectra in ethanol. 1, Component 2, 
— — 2, 
and 8, digitaligenin, 0.024 umole per ml. 


In a representative experiment an aliquot estimated from the 
absorption data to contain 0.078 mole of this substance (log E = 
4.1) (20) was heated for 100 minutes in 4 ml of the ethanol-sul- 
furic acid mixture. The reaction mixture was diluted with 10 
ml of water and extracted with two 10-ml portions of chloroform. 
The combined extracts were washed with 2 ml each of 5% 
NaHCO; and water, dried over Na, SO,, and evaporated to dry- 
ness. In Fig. 3 the absorption spectrum of the final product is 
compared to those of digitaligenin (38-hydroxy-58-carda-A-": 
16. 0%. trienolide) and the original sample of Component 2. The 
absorption band at 337 my moved to 344 mu if the ethanol-sul- 
furic acid reagent was used as solvent. In several experiments 
the rate of dehydration of both gitoxigenin and Component 2 was 
followed by measuring the absorption at 344 my of the reaction 
mixture. The reaction was complete after 80 minutes and no 
further spectral changes were observed up to 120 minutes. Since 
the yield of trienolide calculated from the absorption data (log 
E = 4.31) (18) never exceeded the molar equivalents of the sub- 
stance absorbing at 272 my, it was concluded that Component 2 
contained no 16- or 17-hydroxy cardenolides. The relatively 
high mobility on paper of Component 2, which moves faster than 
any of the hydroxylated derivatives of digitoxigenin that were 
examined, suggests that this substance has not been further 
hydroxylated. Formula II in Scheme 1 would thus represent 
the probable structure of this component. An acetate of this 
structure has been described by Meyer (22). The conversion 
of both this substance and gitoxigenin (V), to the trienolide 
(VI), are also represented in Scheme 1. 
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Fig. 2 illustrates the chromatographic separation of Compo- 
nent 3 from a 180-mg aliquot of fermentation products containing 
63 mg of cardiac lactones and 117 mg of unknown lipid. This 
fermentation was atypical in that almost no Component 2 was 
produced. The contents of Tubes 37 to 41 were evaporated to 
dryness and the residue was recrystallized several times from 
methanol to yield a sample of Component 3 melting at 268 to 
275°. The analytical data indicated that one hydroxyl had been 
introduced into digitoxigenin. 


CMH. O, 
Calculated: C 70.00, H 8.77 
Found: C 70.44, H 8.79 


A dibenzoate prepared with benzoyl chloride in pyridine (22) 
melted at 250 to 255° after two recrystallizations from acetone. 


Calculated: C 74.2 H 7.07 
Found: C 73.68 H 7.20 


The infrared spectrum of Component 3 was indistinguishable 
from that of a sample of sarmentogenin kindly provided by 
Prof. T. Reichstein. The compound was optically active, 
[a]? = 37° + 2° (c = 0.505 in methanol). Sixty ug had no 
effect in the Hajdu assay for cardiotonic activity in the frog heart. 

With the exception of the absorption spectra none of the phys- 
ical properties of Component 3 nor its mobility on paper chroma- 
tograms were consistent with those of any of the previously known 
cardenolides. T. roseum is known to hydroxylate other steroids 
in the 68 position and such hydroxylation greatly diminishes the 
biological activity of the cortical hormones. It is, therefore, not 
unlikely that the new compound is 68-hydroxydigitoxigenin 
(III). This same compound could be obtained in yields of about 
1% as the sole metabolite of digitoxigenin when the latter was 
incubated with a strain of Streptomyces aureofaciens (ATCC No. 
10762) known to hydroxylate other steroids in the 68 position 
(1). Both the product from S. aureofaciens and its dibenzoate 
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were chromatographically indistinguishable from the correspond- 
ing substances obtained from T. roseum (Fig. 1). The difference 
between the molecular rotation (Mo) of Component 3 and that of 
digitoxigenin is —7 + 17°, a value in fair agreement with the 
+7° reported for the change in Mo resulting from the introduc. 
tion of a 68-hydroxy] into a 38-hydroxy steroid with a cis fusion 
of the A and B rings (23). 

Since the microbiological conversion of A'*-pregnen-20-one to 
11-hydroxy-17-isoprogesterone has been reported by Meister et 
al. (25) it was considered possible that analogous hydroxylation 
and reduction of A“. digitoxigenin (Component 2) to lla-hy- 
droxy-17-isodigitoxigenin (17-isosarmentogenin) might have 
occurred. Inversion of the configuration at carbon 17 would 
explain the lack of biological activity (24) and the molecular 
rotation data would be consistent with such a structure. The 
AM >» (Component 3-sarmentogenin) of +64 + 17° is comparable 
to the +43° calculated for AM» (17-iso-acetyl-periplogenin- 
acetylperiplogenin) from the data of Speiser and Reichstein (26). 

In order to exclude the possibility that the unknown product 
might be 17-isosarmentogenin, a sample of 19.7 mg of sarmento- 
genin was heated with sodium p-toluene sulfonate, sodium ace- 
tate, and dimethylformamide according to the isomerization 
procedure of Kuritzkes et al. (27). The reaction yielded 9.5 
mg of a mixture of sarmentogenin and its 17-isomer. The mo- 
bilities of the two substances on paper chromatograms developed 
in the chloroform-formamide system were very similar, but dis- 
tinctly unlike that of Component 3 (Fig. 1). 

Component 4, obtained by elution of the silicic acid columns 
with a 20% solution of methanol in chloroform, was chromato- 
graphically identical with sarmentogenin in both the toluene- 
propylene glycol and the chloroform-formamide systems. A 
dibenzoate prepared in the usual manner (20) by addition of 
benzoyl bromide to a cold anhydrous pyridine solution of the 
steroid, was chromatographically identical with sarmentogenin 
dibenzoate in the toluene-propylene glycol system. 


DISCUSSION 


Scheme 1 represents the structures of the metabolites of dig- 
itoxigenin isolated from cultures of T. roseum. The identity of 
the new lactone, Component 3, has not been established with 
certainty and a chemical proof of structure is in progress. The 
available data, however, are in agreement with Structure III, 
66-hydroxydigitoxigenin. This compound and sarmentogenin 
(IV), are the products to be expected if the hydroxylating en- 
zymes attack the same positions in the cardiac lactones as in 
progesterone and testosterone (11). 

Both Tamm and Gubler and the present authors have ob- 
served that hydroxylation of ring D of the aglycones did not 
occur in the position to be expected from the fermentation of 
other steroids. This may be the result of steric hindrance by 
the five-membered lactone ring, which can be seen in models to 
lie in a position to hinder access to ring D. Steric hindrance is 
a somewhat less likely explanation for the failure to obtain 17a- 
hydroxydigitoxigenin, however, since the 17a hydrogen which 
would be displaced (28, 29) lies in a relatively unhindered loca- 
tion. It is possible that hydroxylation at 17 is followed by loss 
of water to form Structure II, although all efforts to isolate a 
17-hydroxy substance by extraction under mild conditions and 
preparative paper chromatography have yielded only the an- 
hydro compound. Hydroxylation of ring D has been reported 
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by Nawa et al. (5), who found gitoxigenin among the metabolites 
of digitoxigenin produced by several microorganisms. 
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SUMMARY 

Incubation of digitoxigenin with Tricothecium roseum produced 
sarmentogenin, A'*-anhydrodigitoxigenin, and a new biologically 
inactive cardiac aglycone for which the structure, 68-hydroxy- 


digitoxigenin, is proposed. A fourth unidentified metabolite was 
produced in some but not all fermentations. 
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In previous studies we described (1) inhibitory effects of 
deoxycorticosterone' and cortisol on anaerobic glycolysis of 
glucose and hexose monophosphates by broken-cell preparations 
of the Murphy-Sturm rat lymphosarcoma, and suggested (1, 2) 
that these steroid actions could be ascribed in part to augmenta- 
tation of reactions catalyzing hydrolysis of adenosine triphos- 
phate. This paper presents direct evidence for a stimulating 
action of steroids on the adenosine triphosphatase! activity of 
lymphosarcoma and liver mitochondria. Some aspects of ster- 
oid-stimulated ATPase activity, as well as steroid specificity 
studies, will be described. In addition, data for volume changes 
in lymphosarcoma and liver mitochondria will be described in 
terms of the influence on mitochondria permeability of the several 
components of the steroid-augmented ATPase system. 

The data obtained establish that certain steroids should be 
added to thyroidal hormones as endogenously produced hormones 
which alter mitochondrial permeability and ATPase activity. 


EXPERIMENTAL PROCEDURE 


Materials—Sucrose, KCl, and MgCl; were analytical grade 


(Mallinckrodt); propylene glycol, U.S.P., DNP (Fisher Scientific 
Company); dipotassium ATP (95 to 100%) and Tris (Sigma 
Chemical Company); B. S. A., 1. Fraction V Powder (Armour 
Laboratories). Sources of steroids were as previously acknowl- 
edged (3). 

Preliminary experiments revealed that Na“ activated the 
ATPase activity of lymphosarcoma, but not liver, mitochondria. 
For this reason, disodium ATP could not be used, and also the 
source and degree of contamination of commercial preparations 
of B.S.A. with sodium was of importance (see Results“). The 
B.S.A. used for the present studies (with the exception of those 
described in Table I) had a Na“ content of 4 eq. per g (lot 
U-17507). B.S.A. preparations with a high Na“ content, e.g. 
Sigma’s lot A69-78 (640 eq. per g) could be used if dialyzed 


* These investigations were supported, in part, by grants from 
the American Cancer Society (P-68), the National Science Foun- 
dation (NSF G-5711), and National Institutes of Health, United 
States Public Health Service (CY-3154). 

1 The abbreviations used are: DOC, deoxycorticosterone; 
B. S. A., bovine serum albumin; DNP, 2,4-dinitrophenol. 

2 A personal communication from the Quality Control Depart- 
ment, Armour Pharmaceutical Company, reveals that sodium 
citrate is employed as the anticoagulant in plasma collection and 
that sodium acetate buffer is used in the fractionation process. 


All reagents except ATP, which contained negligible quantities, 
were free from heavy metals when tested with 8-hydroxyquino- 
line (4). 

Tumor—The transplantable, solid Murphy-Sturm lympho- 
sarcoma was carried in 3-week-old male albino rats of the Holts- 
man strain. Aseptic transplantation of tumor tissue was made 
subcutaneously using a trocar. For tissue fractionation studies, 
nonnecrotic, nonhemorrhagic tissue was obtained from tumor 
transplanted 12 to 16 days earlier. 

Tissue Fractionation—The following procedure was devised to 
provide mitochondria in which ATPase activity was latent. 
Manipulations of tissues were performed at ice-bath temperature; 
solutions and equipment were prechilled, and differential centrif- 
ugations were conducted in the International model PR-2 cen- 
trifuge at 0°, using the multispeed attachment with rotors 295 
and 296, and in the Spinco model L ultracentrifuge with rotor 
40. Sucrose, 0.35 u, was used for preparation of tumor homog- 
enates, as well as for washing of sediments and preparation of 
stock suspensions of mitochondria and microsomes. 

Two-gram samples of minced tumor tissue were i 
with 6.5 ml of sucrose solution using an all glass, Potter-Elve- 
hjem homogenizer with a loose fitting pestle driven at an average 
speed of 1000 r.p.m. The tissue was homogenized twice, using 
20 excursions each time, with cooling to 0° between homogenisa- 
tions. Homogenates were diluted to 10% (tissue weight per 
volume) with sucrose solution and filtered through cotton gauze. 
A total of 12 g of tissue provided sufficient mitochondria for most 
studies. 

A gel-like, nuclei-debris fraction was sedimented from pooled 
homogenates at 2500 X g for 10 minutes. After washing the 
nuclei-debris fraction with 1 ml of sucrose solution per g of tis- 
sue, a mitochondrial fraction (M:) was sedimented from the 
pooled nuclei-debris fraction supernatant fluids at 12,000 x g 
for 10 minutes; an additional mitochondrial fraction (M:) was 
obtained by repeating the centrifugation as before. Sediments 
Mi and M: were combined and washed two or three times with | 
ml of sucrose solution per g of tissue; mitochondria were sedi- 
mented at 14,000 x g for 10 minutes, and “fluffy layers” aspi- 
rated from the surface of the amber-colored mitochondrial 
pellet. Washed mitochondria were suspended finally in n minus? 
ml of sucrose per n g of original tissue for ATPase experiments and 
n/10 ml sucrose for volume studies. From the supernatant 
fluid from M. a microsomal fraction was sedimented at 104,000 
xX g for 60 minutes. After washing this fraction with 1 ml of 
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sucrose solution per g of tissue and reisolation as above, the red- 
brown, washed microsomal pellet was dispersed in 1 ml of sucrose 
solution per g of original tissue. The supernatant fluid from the 
microsomal fraction was used as the soluble cytoplasmic fraction 
without further treatment. 

Phase contrast microscopy (performed by Dr. Jacques Padawer 
of this department) of mitochondria prepared by the technique 
described above revealed chiefly rod-shaped particles of fairly 
uniform size, uncontaminated by nuclei or whole cells. This 
observation, plus the fact that such particles exhibited typical 
latent ATPase activity and were sedimented in gravitational 
fields known to sediment mitochondria, indicated that such 
particulate fractions consisted chiefly of mitochondria. 

Protein analyses of all fractions were performed by a semi- 
micro biuret procedure (5). The yield of mitochondrial protein 
from tumor tissue averaged 1.8 mg per g of tissue; corresponding 
protein yields for microsomal and soluble cytoplasmic fractions 
were 7.5 and 28.7 mg, respectively, and for whole homogenates, 
87.0 mg. 

In certain experiments, lymphosarcoma homogenates were 
prepared with 0.154 m KCl instead of 0.35 M. sucrose. 

Liver tissue was homogenized in 0.25 m sucrose and fraction- 
ated essentially as described by others (6,7). For ATPase and 
volume studies, mitochondria from 1 g of liver tissue were sus- 
pended in 10 and 1 ml of 0.25 M sucrose, respectively. 

Assay of ATPase Activity—Cellular fractions from lympho- 
sarcoma were assayed in a medium containing 50 mu Tris (pH 
6.5 unless otherwise indicated), 2.0 mu MgCl:, 40 mu KCl, and 
2.4mm ATP. B.S.A. was required to maintain latency of ATP- 
ase activity in tumor mitochondria and was added as an aqueous 
solution previously adjusted to the desired pH value of the in- 
cubation medium (the pH of a 1% solution of Armour B.S.A. 
was 5.0). Unless otherwise indicated, final concentration of 
B.S.A. in the assay medium was 12 mg per ml; this concentra- 
tion provided an amount of protein corresponding to that which 
was initially present in the homogenate milieu used to isolate the 
quantity of mitochondria used in each incubation mixture. Ster- 
oids were added as 0.05-ml aliquots of a 30.2 mu solution in pro- 
pylene glycol; control tubes contained the same volume of sol- 
vent, which was shown to be without effect on ATPase activity. 
The final volume, including enzyme, was 2.5 ml. Reaction was 
initiated by addition of soluble or particulate enzyme prepara- 
tions, e.g. 1 to 5 mg of homogenate protein and approximately 
0.5 mg, 1.8 mg, and 4 mg, respectively, of mitochondrial, micro- 
somal, and soluble cytoplasmic protein per incubation mixture. 
After incubation for 20 minutes (except for kinetic studies) in 
air at 30°, mixtures were deproteinized with an equal volume of 
10% trichloroacetic acid and aliquots analyzed for orthophos- 
phate (8,9). Net phosphate release was interpreted as a measure 
of ATPase activity; specific activity is expressed as umoles of 
Pi formed per 20 minutes per mg of protein. Anaerobic experi- 
ments were conducted in Thunberg tubes in an atmosphere of 
nitrogen, the enzyme preparation being tipped in from the side 
arm at zero time. 

Enzyme preparations from liver were assayed for ATPase 
activity as described for lymphosarcoma, with the exception 
that B.S.A. was not included in the incubation medium. 

Aging—Unless otherwise indicated, particulate enzyme prep- 
arations from liver and lymphosarcoma were aged by incubation 
of stock suspensions in 0.25 and 0.35 m sucrose, respectively, in 
air for 60 minutes at 30°. 
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Studies of Mitochondrial Volume Changes— Mitochondria from 
approximately 1 g of lymphosarcoma tissue or from about 50 
mg of liver, diluted to 4 ml, gave initial optical density readings 
of about 0.160 and 0.240, respectively, in the Coleman junior 
spectrophotometer at 520 my, in standard matched cuvettes of 
1.2 cm light path. Measurements of mitochondrial volume were 
made by following optical density changes of mitochondrial sus- 
pensions incubated in air at room temperature (25°). At sero 
time, 0.05 ml of stock mitochondrial suspension was added to 
4.0 ml of the basic medium (0.125 u KC1-0.025 1 Tris buffer 
pH 7.4); readings were taken at 5-minute intervals. The follow- 
ing solutions, when used, were added in 0.05-ml aliquots: 
K;HATP (pH 7.4) 0.415 u, unless otherwise indicated; 0.25 M 
MgCl.; 50 mm DOC’ in propylene glycol; propylene glycol; and 
B.S.A., 166 mg per ml (except in Fig. 4, as indicated in legend). 


ATPase Activities 


Lymphosarcoma—The data of Table I indicate that the ATPase 
activity of freshly prepared mitochondrial suspensions was com- 
pletely latent and that addition of 0.6 mm DOC greatly stimu- 
lated enzymic activity (Experiment 2). The DOC-mediated 
augmentation of ATPase activity was also evident in fresh su- 
crose homogenates (Experiment 1), but was absent in micro- 
somal or soluble cytoplasmic fractions (Experiment 2). In 
freshly prepared KCl homogenates (Experiment 3), prepared as 
in previous studies of anaerobic glycolysis (1), ATPase activity 
in the absence of DOC was almost double that seen in the cor- 
responding sucrose homogenate (Experiment 1); however, a con- 
siderable effect of DOC was still evident. Aging of mitochondria 
or of whole homogenates released the latent ATPase activity; no 
steroid effect was then evident. Unreported experiments re- 
vealed that the DOC-mediated stimulation of the ATPase ac- 
tivity of freshly prepared mitochondria is qualitatively and 
quantitatively similar in either air or nitrogen atmospheres. 


I 
Effect of DOC on ATPase activities of fractions of 
lymphosarcoma tissue 
Assay conditions as described in Experimental Procedure. 
DOC, 0.6 mm. Whole homogenates assayed at pH 7.4, in the 
absence of B.S.A. 


ATPase specific activity 
Tissue fraction Doc 

Fresh Aged 
1* | Whole homogenate — 0.67 1.74 
+ 2.00 1.89 
2* | Mitochondria — —0.30$ | 3.48 
+ 1.67 3.15 
Microsomes — 2.08 2.06 
+ 2.11 2.10 
Soluble cytoplasm — 0.33 0.35 
+ 0.32 0.32 
3t | Whole homogenate — 1.16 1.84 
+ 1.86 1.86 

* Prepared in 0.35 M sucrose. 

t Prepared in 0.154 « KCl. 


t A negative sign indicates net P. uptake. 
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B.S.A.,mg per mi incubation mixture 


Fic. 1. Effect of the concentration of B.S.A. on the AT Pase 
activity of freshly prepared lymphosarcoma mitochondria in the 
absence and presence of 0.6 mm DOC. Assay conditions as de- 
scribed in Experimental Procedure. 5 
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Concentration of DOC. N 


Fic. 2. ATPase activity of freshly prepared lymphosarcoma 
mitochondria in the absence and presence of B.S.A. (16 mg per 
ml) as a function of the concentration of DOC. Assay conditions 
as described in Experimental Procedure. 


As Fig. 1 indicates, freshly prepared mitochondria required 
the presence of B.S.A. during ATPase assay in order for that 
activity to remain latent in the absence of DOC. The greater 
lability of tumor mitochondria, as reflected in measurements of 
ATPase activity, has been observed by others (10). As noted 
previously (“Experimental Procedure“), the magnitude of ATP. 
ase activity of controls in the presence of B. S.A. appeared to be 
related to the Na* concentration in commercial B. S. A. prepara- 
tions; using Na“ -free B. S.A., net ATPase activities fell to zero 
or below (cf. Table I, Experiment 2). The possible presence and 
influence of citrate and acetate in commercial B.S.A. in these 
studies was not examined.? 

The DOC-mediated release of the latent ATPase activity of 


freshly prepared mitochondria was proportional to steroid con- 
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Fic. 3. Time course of DOC-mediated release of latency of 
ATPase activity of freshly prepared (control, lower; 0.6 mu 
DOC, middle) and aged (control or DOC, upper) mitochondria. 
Assay conditions as in Experimental Procedure“ except that 
final volume of incubation mixture was 25.0 ml, and 2.5-ml ali. 
quots were withdrawn at intervals for P; assay. 


centration both in the absence and presence of B.S.A. (Fig. 2); 
the relative steroid effect was greater in the presence of B.S.A. 
It should be noted, however, that in experiments not detailed 
here and conducted in the absence of B.S.A., the ATPase activity 
resulting from addition of 0.6 mm DOC reached, or even exceeded, 
the ATPase activity of aged mitochondria assayed in the pres- 
ence of B.S.A. In contrast, in the presence of optimal concen- 
trations of B.S.A., the release of latent ATPase activity mediated 
by 0.6 mm DOC was never complete and amounted to 50 to 70% 
of the mitochondrial ATPase activity observed after aging (¢f. 
also Table I). 

As indicated in Fig. 3, the effect of DOC was evident imme- 
diately (no preincubation of steroid with mitochondria was re- 
quired) and the reaction continued at a constant rate during 40 
minutes of incubation. In contrast, the velocity of the ATPase 
reaction in fresh, control mitochondria, which was quite low 
during the first 15 minutes of incubation (cf. also Table I and 
Fig. 1), rose sharply thereafter, suggesting a release of activity 
caused by aging during incubation. In aged mitochondria, the 
reaction velocity, which was relatively high during the first 8 
minutes of incubation either in the absence or presence of DOC, 
exhibited a lower but constant rate for the remainder of the ex- 
periment. 

The release of latent mitochondrial ATPase activities caused 
by DOC and DNPi were compared at a number of pH values 
(Table II). ATPase activities of either fresh or aged mitochon- 
drial suspensions were lowest at pH 6.0 and rose with increasing 
pH; control experiments indicated that this phenomenon was 
enzymic. The optimal pH for the DOC effect in fresh mito 
chondria was 6.5, but definite effects of the steroid were also 
seen at 6.0 and 7.4. Although DNP was considerably more 
active than DOC in releasing latent ATPase activities, the re- 
lationship of DNP activity to pH was similar to that observed 
with DOC. In contrast to the lack of a DOC effect on aged 
mitochondria, DNP caused further increases in ATPase activi 
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Taste II 
Effect of pH on DOC- and DNP-stimulatable, Mg**- 
activated ATPase activities of fresh and aged 
lymphosarcoma mitochondria 
Assay and aging conditions as in Experimental Procedure. 
pH as indicated. DOC,0.6mmu;DNP,0.1 mm. Buffering at pH 


6.0 provided by B.8.A. 
ATPase specific activity 

pH Fresh Aged 

Control DOC DNP Control DOC DN 
6.0 0.40 1.90 2.38 2.79 | 2.58 3.51 
6.5 0.53 2.38 3.41 3.62 3.40 4.65 
7.4 1.45 2.48 3.10 3.81 3.93 4.13 
8.5 2.69 2.89 3.10 5.18 4.97 5.48 
9.4 3.48 4.24 4.65 6.32 5.90 7.04 

TABLE III 


Effect of added DOC and of B. S. 4. on release of latent ATPase 
activity of lymphosarcoma mitochondria during aging 

Assay conditions as in Experimental Procedure; DOC, 0.6 
mu. Media for aging as indicated. After aging of mitochondrial 
suspensions at 30° for 60 minutes, aliquots of each suspension 
were assayed for ATPase activity and mitochondria isolated 
from the remainder by sedimentation at 13,000 X g for 10 minutes; 
the supernatant fluid represented the aging medium. 


ment Aging medium source® 
Control DOC 
1 | Control, no aging M 0.91 | 2.16 
2 0.35 m sucrose A 4.50 3.96 
B 4.34 4.25 
C 0.00 | 0.00 
3 | 0.35 M sucrose + 0.6 mu A 4.90 4.66 
DOC B 5.10 4.80 
C 0.00 | 0.00 
4 0.35 m sucrose + 1% (w/v) A 4.50 3.96 
B.S.A. B 4.50 | 4.16 
C 0.00 | 0.00 
5 0.35 m sucrose + 0.6 mu A 6.82 7.97 
DOC + 1% (w/v) B.S.A. B 6.57 8.06 
C 0.00 | 0.00 
M, A, and B are fresh, aged, and reisolated aged mitochondria, 
respectively; C is the medium from B. 
ties; the relationships of these increases in ATPase activities to 


pH were the same as those observed in experiments with fresh 
itochondri 

The comparative effects of DOC and of aging on the release 
of latent mitochondrial ATPase activity are shown in Table III. 
Aging of stock mitochondrial suspensions in sucrose, in sucrose 
containing DOC, or in sucrose containing B.S.A. yielded mito- 
chondria with essentially similar ATPase activities; the presence 
of DOC in the assay medium was without effect. Aging of mito- 
chondria in a medium containing sucrose, DOC, and B. S. A. 
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Taste IV 
Relative effectiveness of steroids in releasing latent 
mitochondrial ATPase activity 
Assay conditions as in Experimental Procedure; steroid con- 
centration, 0.6 mu. All steroids tested with the same batch of 
lymphosarcoma mitochondria. Specific activities are corrected 
for solvent controls. 


Steroid 
1.85 
17a-Ethyl-19-nortestosterone.................. 1.43 
17a-Methyltestosterone........................ 1.22 
1.11 
11-Deoxycorticosterone (DOC)................ 1.11 
1.10 
Cortisol -21-aldehydde . 0.94 
0.94 
0.74 
19-Nortestosterou enn 0.71 
˙ 0.60 
0.25 
17a-Hydroxyprogesterone 0.25 

0.25 

0.17 

0. 
0.07 


(Experiment 5) yielded mitochondria with higher specific ac- 
tivities and, in contrast to the results seen in Experiments 2 to 
4, the addition of DOC to the assay medium resulted in additional 
stimulation of ATPase activity. Under no conditions of aging 
was there evidence for a leakage of ATPase activity or of mito- 
chondrial protein into the medium. 

A variety of steroids were examined for their effectiveness in 
releasing the latent ATPase activity of freshly prepared lympho- 
sarcoma mitochondria; comparative data are given in Table IV. 
Progesterone, 17a-ethy]l-19-nortestosterone, 17a-alkyl testos- 
terones, and DOC were the most active steroids tested. 

The effects of the administration in vivo of DOC and of cortisol 


base-line level of ATPase activity (DOC absent from the assay 
medium) that was more than 3 times higher than normal. 
Nevertheless, such mitochondria showed a further release of 
ATPase activity when DOC was present in the medium. It 
may also be noted that DOC was without effect on tumor growth 


during the injection period, as determined by daily measurements 
of the external dimensions of the tumor mass. 


Liver—Studies, similar to those described above for lympho- 


sarcoma tissue, were performed with liver fractions. The data 
were, in general, similar to those obtained with the tumor and 
therefore will not be described. However, a major difference 
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sulted in mitochondria which, when freshly prepared, had a 
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TasLe V 
Effect of injection in vivo of DOC and of cortisol on tumor 
mitochondrial ATPase activity 


Six-week-old male rate (average body weight, 133 g), bearing 
the Murphy-Sturm lymphosarcoma, were each treated by intra- 
muscular injection with 5 mg of DOC or of cortisol in sesame oil 
daily for 7 days; animals treated by injection with the solvent 
served as controls. Animals were killed on the 8th day and tumor 
mitochondria isolated and assayed for fresh and aged ATPase 
activity as described in Experimental Procedure. DOC, when 
present in the assay medium, 0.6 mm. 


ATPase specific activity 
Steroid injected 
Fresh Aged 
None — 0.60 3.62 
+ 2.32 3.40 
DOC — 1.99 4.40 
+ 3.08 4.52 
Cortisol — 0.43 3.85 
+ 2.65 4.02 
460 
| Additions 
150 ATP 
440 - 
= 
5.130 TP +Mg** 
2 
2 120 
3 8.5. A. Ap 
— 
990 4 


050 20 30 4 SO 60 
MINUTES 

Fic. 4. Effect of B.S.A. (16 mg per ml) on DOC-induced vol- 
ume expansion of lymphosarcoma mitochondria and on the sub- 
sequent contraction of mitochondrial volume by addition of ATP 
and ATP plus Mg“ to the medium. Procedure and concentra- 
tion of reagents as described in Experimental Procedure.“ 
DOC, 0.6 mu, present in all cuvettes from zero time. 


between liver and lymphosarcoma mitochondria resides in the 
fact that the former did not require the presence of B.S.A. in 
the medium for ATPase activity to remain latent (cf. also Fig. 
1); the presence of B.S.A. actually inhibited both control and 
DOC-augmented ATPase activities of liver mitochondria. Fur- 
thermore, the ATPase activity of liver mitochondria was un- 
affected by the presence of Na* in the incubation medium. As 
in the case of lymphosarcoma mitochondria, release of latent 
ATPase activity of liver mitochondria by either DOC or DNP 
was greatest at pH 6.5. In contrast to lymphosarcoma mito- 
chondria, ATPase activity of aged liver mitochondria did not 
alter with pH. 
Alterations in Mitochondrial Volume 

Lymphosarcoma—The ability of DOC to augment the volume 

of lymphosarcoma mitochondria is shown in Fig. 4. This in- 
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crease in volume was significant even in the presence of high 
concentrations of B.S.A. Unreported experiments indicate that 
protection against volume increase afforded by B.S.A. is pro- 
portional to its concentration in the medium between 2 and 16 
mg per ml. Subsequent addition of ATP caused mitochondria] 
contraction, both in the absence and presence of B.S.A., but in 
the former case volume expansion was again evident after the 
period of contraction. Subsequent addition of Mg++ with ATP 
led to a smaller degree of contraction than with ATP alone. 
This contraction was more striking for mitochondria in which 
the greatest degree of volume increase had occurred initially, 
i.e. in the absence of B. S.A. 

The influence of ATP on the contraction of mitochondria 
whose volume had increased as a result of incubation with DOC 
or with the steroid solvent, propylene glycol, in the absence of 
B. S.A., is seen in Fig. 5. It is apparent that the steroid solvent, 
added alone, caused a significant volume increase of lympho- 
sarcoma mitochondria. Addition of ATP to mitochondria, 
having an increased volume as a result of prior incubation with 
DOC, produced a significant volume contraction, but this effect 
was reduced if Mg** was also added under conditions known to 
activate mitochondrial ATPase activity (cf. Table I). In con- 
trast, after solvent-induced volume expansion, reduction of mito- 
chondrial volume resulting from ATP was further accentuated 
by simultaneous addition of Mg“; under these conditions, latent 
ATPase activity is not released (cf. Table I). 

The influence of DOC on expansion of mitochondrial volume 
was inhibited by the simultaneous presence of ATP in the me- 
dium (Fig. 6). This effect of ATP was greatest when Mg“ and 
B.S.A. were also present, despite the fact that these systems 
provided optimal conditions for release of latent ATPase activity; 
this phenomenon was also observed with liver mitochondria (see 
below). These data suggested that there may be a minimal 
concentration of ATP required to inhibit DOC-induced altera- 
tions in mitochondrial volume. Thus, in the experiments illus- 
trated in Fig. 6, ATP was added in sufficient excess to exceed 
this minimal ATP concentration even in the presence of DOC- 
augmented ATPase activity. Therefore, DOC-induced volume 
expansion and ATPase activity were assayed simultaneously in 
lymphosarcoma mitochondria in the presence of variable con- 
centrations of ATP (Table VI). The data indicate that the ex- 
tent of mitochondrial volume expansion was inversely related 
to the initial concentration of ATP. However, considerable 
protection against steroid-induced swelling was afforded by con- 
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Fic. 5. Effects of ATP and Mg“, added after DOC- or propyl 
ene glycol(P.g.)-induced expansion of lymphosarcoma mitochon- 
dria volume. Procedure and concentrations of reagents as in 
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Fic. 6. Inhibitory effects of ATP, Mg“, and B.S.A. on DOC- 
induced expansion of lymphosarcoma mitochondria. Procedure 
and concentrations of reagents as in Experimental Procedure“; 
DOC, 0.6 mM, present in all cuvettes. 


centrations of exogenous ATP which were low initially and which 
were completely hydrolyzed after 20 minutes of incubation. 

Liver—As indicated by the curves of Fig. 7, the presence of 
DOC caused volume expansion of liver mitochondria.“ After 
a 20-minute period of expansion, mitochondrial contraction was 
induced by addition of ATP at either 20 or 40 minutes thereafter. 
However, the presence of Mg““ with the ATP, with resultant 
activation of mitochondrial ATPase activity, led to additional 
expansion of mitochondrial volume, as evident at the 50-minute 
point. The protective effect of low concentrations of B.S.A. is 
indicated by the fact that the effect of ATP in reducing mito- 
chondrial volume was greatest in the presence of B.S.A., as well 
as by the observation that the addition of albumin to mitochon- 
dria, swollen as a result of the action of DOC, markedly decreased 
the rate and extent of volume increase. 

The data of Fig. 8 reveal a proportionality between steroid 
concentration and the extent of expansion of liver mitochondrial 
volume; the lag period with low concentrations of DOC was ob- 
served repeatedly. A similar family of concentration-effect 
curves could not be obtained regularly in experiments with 
lymphosarcoma mitochondria because of the variable sensitivity 
of such mitochondria to the swelling effects of the steroid solvent, 
propylene glycol. It should also be noted that propylene glycol 
induced only a small volume increase in liver mitochondria (a 
decrease of about 0.018 optical density units over a 20-minute 
period in a typical experiment). This is in marked contrast to 

In a personal communication received while this paper was 
in preparation, Dr. Ulrich Westphal has informed us of unpub- 
lished data showing accelerated ‘‘swelling’’ (decrease of optical 
density of suspension measured at 520 my) of rat liver mitochon- 
dria when incubated (25°) in 0.30 M sucrose-0.02 M Tris pH 7.4, 


in the presence of 10 to. 10 M cortisol ; similar — less pro- 
nounced effects were observed with corticosterone and DOC. 
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Taste VI 
Simultaneous determination of expansion of lymphosarcoma and 
liver mitochondrial volume and ATPase 
activity in presence of DOC 

Procedure for assay of mitochondrial volume changes as in 
Experimental Procedure. After incubation at room tem- 
perature for a 20-minute period, during which optical density 
changes were noted, mixtures were deproteinised with trichloro- 
acetic acid (final concentration, 5%) and 1.0-mi aliquots of the 
protein-free supernatant fluids analyzed for Pi as described in 
Experimental Procedure. ATP concentrations as indicated 
in table; DOC, 0.6 mu; B. S. A., 2 mg per ml; and MgCl; , 3.0 mm. 
Initial optical densities for lymphosarcoma and liver mito- 
chondrial suspensions were 0.160 and 0.120 units, respectively. 


ATP 
A Optical density units 
Remaining 
Initial 
Lymphosarcoma| Liver Lymphosarsoma Liver 
pmoles pmoles 
3.12 1.92 2.32 0.015 0.062 
2.07 1.02 1.45 0.018 0.047 
1.04 0.23 0.55 0.018 0.067 
0.52 0.00 0.22 0.021 0.061 
0.26 0.00 0.09 0.061 0.064 
0.13 0.00 0.03 0.065 0.070 
0.00 0.00 0.00 0.045 0.077 
-240 
220 
210 


‘0 10 20 30 38 170 


MINUTES 
Fic. 7. Effects of ATP, Mg“, and B.. A. on expanded volume 
of liver mitochondria caused by DOC. Procedure and concen- 
trations of reagents as in Experimental Procedure. DOC, 0.6 
mm, present in all cuvettes from zero time. Additions after 20 
and 40 minutes of incubation are indicated on the individual 
curves. 


the volume changes in tumor mitochondria under the same con- 
ditions (cf. Fig. 5). 

The data of Fig. 9 demonstrate that almost complete protec- 
tion against DOC-induced swelling of liver mitochondria was 
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Fic. 8. Effect of DOC concentration on expansion of liver 
mitochondria volume. The volume of solvent, propylene glycol, 
was the same (0.05 ml) in each mixture. Assay conditions as in 


Experimental Procedure. 
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Fic. 9. Effect of ATP, Mg“, and B.S.A. on (0.6 mu) DOC- 
induced expansion of the volume of liver mitochondria. Proce- 
dure and concentrations of reagents indicated in Experimental 
Procedure. 


afforded if ATP was also present initially. B. S.A., in concen- 
trations (2 mg per ml) which were of only slight influence with 
lymphosarcoma mitochondria, exerted a protective effect against 
the action of DOC in promoting volume expansion of liver mito- 
chondria. However, as with lymphosarcoma mitochondria, in 
the presence of ATP, Mg**, and B.S.A., the complete system 
for the release of latent mitochondrial ATPase activity, the pro- 
tection against DOC-induced volume expansion was great and 
remained so throughout the duration of the experiment. 

The data reported in Fig. 9 suggested that liver mitochondria, 
as well as lymphosarcoma mitochondria, require a minimal con- 
centration of ATP to prevent or to inhibit DOC-induced ex- 
pansion of mitochondrial volume. Therefore, experiments with 
liver mitochondria were performed similar to those described 
above for tumor mitochondria (Table VI). As indicated in 
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Table VI, the extent of volume expansion of liver mitochondrig 
was inversely related to the initial concentration of ATP and 
directly related to the extent of ATPase activity. The results 
obtained with mitochondria from both tissues cannot properly 
be compared since the Michaelis-Menten constants, X., for 
ATPase activities are different for each tissue (unpublished ex- 
periments) and the quantities of mitochondria employed were 
not the same. 


DISCUSSION 


In a previous study (I) of anaerobic glycolysis in fortified KCl 
homogenates of Murphy-Sturm rat lymphosarcoma, evidence 
was presented which suggested the presence of active ATPase 
activity in such preparations; considerable hydrolysis of ATP 
occurred even in the presence of fluoride ions. This was reflected 
in an apparent inhibition of net Pi uptake and, in some experi- 
ments conducted in the presence of cortisol or DOC, a net addi- 
tion of P; to the medium. The data suggested that these ster- 
oids, particularly DOC, might stimulate hydrolysis of labile 
phosphate esters, e.g. ATP and fructose diphosphate. Unpub- 
lished studies revealed that hydrolysis of fructose diphosphate 
was not affected by the presence of steroids and that glucose 
6-phosphatase is not present in lymphosarcoma homogenates. 
Results presented in this paper provide direct evidence for a 
stimulatory effect of steroids on the ATPase activity of lym- 
phosarcoma, as well as liver, mitochondria. 

The mechanism by which DOC or aging augments the activity 
of lymphosarcoma mitochondrial ATPase is not clear. However, 
the process does not involve loss of ATPase or, indeed, of any 
protein, from the mitochondria to the external medium. This 
is in contrast to the report of Petrushka et al. (11) that aging 
of liver mitochondria in a sucrose medium produced an increase 
in ATPase activity and appearance of enzyme in the medium. 

The relationships of the ATPase-releasing activity of DOC 
to pH were similar to those observed with DNP. From the 
data for the stimulation of liver mitochondrial ATPase activity 
by DNP at pH 6.5, 7.4, and 8.5, Meyers and Slater (7) suggested 
that three enzyme systems concerned with oxidative phosphoryl- 
ation might be involved. If this indeed is the case, and if DOC 
acts in a manner similar to DNP, a possible effect of steroids on 
oxidative phosphorylation may be anticipated. It may be noted 
that progesterone, the steroid found most effective in the present 
study in releasing latent mitochondrial ATPase activity, has 
been reported (12) to uncouple oxidative phosphorylation in 
liver mitochondria. 

The data obtained in studies of the relationships of steroid 
structure to release of latent ATPase activity permit the follow- 
ing generalizations: esterification of the 21-hydroxyl group de- 
creases activity, although the 21-hydroxyl group is unnecessary 
for activity; an 1l-oxy function decreases activity; a 17a-hy- 
droxyl group greatly decreases activity; complete saturation of 
ring A is without significant effect, whereas an additional double 
bond in ring A augments activity; in the testosterone series, an 
a-alkyl grouping at carbon atom 17 greatly increases activity; 
estradiol has considerable activity, whereas cholesterol is without 
effect. These structure-activity relationships are similar to those 
observed in studies of the inhibitory effects of steroids on the 
utilization of glucose by lymphoid tissues (3, 13). Progesterone 
(14, 15) and DOC acetate (15) have been shown previously to 
increase the ATPase activity of rat liver mitochondria. In con- 
trast, DOC glucoside and progesterone (each 0.15 mm) have 
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been reported (16) to inhibit the ATPase activity of cardiac and 
skeletal muscle mitochondria and myofibrils. 

Of considerable interest are the results of studies carried out 
under more physiological conditions. Administration of DOC 
to tumor-bearing animals resulted in lymphosarcoma mitochon- 
dria in which ATPase activity was more than 3 times higher 
than normal. The lack of effectiveness of cortisol in these ex- 
periments may be attributable to the quantitative differences 
which exist between the activities of these two steroids (Table 
IV and Reference (1)). 

Evidence exists to support the concept that both elaboration 
and destruction of ATP are intimately associated with main- 
tenance of the structural integrity of mitochondria (17-20). It 
is not clear, however, whether ATP acts directly on the mito- 
chondrial structure, or whether it provides a depot for endergonic 
energy transfers essential for structure. There is evidence (17, 
21-24) that the level of ATPase activity of mitochondria, which 

is the result of the participation of a number of different ensymes 
(25, 26), is partly dependent upon mitochondrial morphology. 
A number of reports (22, 27-29) have related mitochondrial 
structural alterations and ATPase activity in the presence of a 
variety of agents. Changes in structure and ATPase activity 
of liver mitochondria may occur simultaneously in the presence 
of surface-active agents such as deoxycholate (0.13 mm) and 
saponin, as well as triiodothyroacetic acid; activation of ATPase 
may precede volume expansion, as in the presence of DNP, 
gramicidin, or antimycin A, or volume increase may precede 
ATPase activation, as in the presence of thyroxine, stearic acid, 
or triiodothyronine. It may be noted that, in the present studies, 
propylene glycol caused volume expansion but no activation of 
ATPase with lymphosarcoma, but not liver, mitochondria. It 
has also been demonstrated (30) that volume expansion of liver 
mitochondria caused by Pi, a product of ATPase activity, is 
brought about by a primary increase in membrane permeability, 
accompanied by movement of solvent into mitochondria. How- 
ever, kinetic data from the present study suggest that, in the 
presence of DOC, alterations in volume and ATPase activity of 
mitochondria occurred simultaneously. Moreover, the magni- 
tude of mitochondrial volume increase caused by DOC was de- 
pendent on the initial ATP concentration. This observation 
may be related to the demonstration that the spontaneous swell- 
ing of liver mitochondria, suspended in 0.25 M sucrose, depends 
on the intramitochondrial ATP concentration; swelling was ini- 
tiated when ATP fell from its normal concentration in fresh 
mitochondria of about 0.05 umoles per mg of nitrogen to approx- 
imately one-fifth of that value. 

The protective effect of B.S.A., observed previously (31) in 
studies of the reversal of swelling of rat liver mitochondria caused 
by hypotonicity, thyroxine, and U factor (oleate), has been at- 
tributed to the capacity of B.S.A. to bind a factor, produced 
enzymically, which causes mitochondrial swelling and uncouples 
oxidative phosphorylation. In the present studies, B.S.A. may 
also inhibit DOC-induced swelling of liver mitochondria by bind- 
ing DOC; the specificity of interactions between A‘,3-ketoster- 
oids and serum proteins has been described (32-34). 

It is difficult to account for the differences observed when the 
same high concentrations of ATP were present initially with the 
steroid as compared to their addition after DOC-induced ex- 
pansion of mitochondrial volume. In the latter case, activation 
of ATPase by Mg** curtailed and then reversed the mitochon- 
dria-contracting effect of ATP, whereas in the former experi- 
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ments activation of ATPase activity did not destroy the effective- 
ness of ATP in inhibiting steroid-mediated swelling. The effects 
of the concentration of ATP have been considered above. It is 
also possible that ATP present initially may compete effectively 
with DOC for postulated receptor sites on or in mitochondria 
responsible for maintenance of mitochondrial volume. Also, 
ATP may combine with DOC (35) and thereby prevent the 
steroid from causing mitochondrial volume expansion. 

It appears unlikely that effective steroids release latent ATPase 
activity and cause expansion of mitochondrial volume as a con- 
sequence of their properties as surface-active agents. The fol- 
lowing reasons argue against such a conclusion: (a) the effects 
in vitro of DOC on the ATPase activity of lymphosarcoma mito- 
chondria can be duplicated by administration in vivo of the 
steroid to tumor-bearing rats; (6) DOC does not cause lysis of 
mitochondria as does deoxycholate, a surface-active reagent; 
(c) DOC does not cause leakage of mitochondrial protein to the 
external medium, as do saponin and deoxycholate; and (d) the 
effects of DOC in inducing mitochondrial expansion can be in- 
hibited by metabolic agents, e.g. ATP and B.S.A., which also 
prevent volume inerease caused by nonsurface-active agents, 
viz. hypotonicity, P;, and thyroxine. 

A final comment may be made regarding the concentration 
(10 19) of steroids employed which caused increased ATPase 
activity and increased volume of lymphosarcoma mitochondria. 
This quantity of hormone is similar to that employed in mito- 
chondrial studies in vitro with another hormone, thyroxine (36, 
37). Although these hormonal concentrations can be regarded 
as greater than those reaching peripheral tissues normally in the 
intact animal, additional factors may be significant in studies 
in vitro; e.g. penetration of added hormone into cells and sub- 
cellular particulates, rate of possible degradation and inactiva- 
tion of the hormone, and the nature of the reaction under study. 
Nevertheless, possible physiological implications of the data de- 
scribed in this paper await further studies. 

SUMMARY 

1. A variety of steroids, added in vitro, release the latent 
adenosine triphosphatase (ATPase) activity of freshly prepared 
lymphosarcoma and liver mitochondria. The relationships be- 
tween steroid structure and activity are the same as those pre- 
viously observed for the capacity of steroids to inhibit utilization 

2. Administration of deoxycorticosterone (DOC) to rats bear- 
ing the lymphosarcoma resulted in tumor mitochondria of which 
the ATPase activity was more than 3 times normal. 

3. The DOC-mediated release in vitro of the ATPase activity 
of lymphosarcoma and liver mitochondria was proportional to 
steroid concentration, evident immediately upon incubation, un- 
affected by the gas phase (air or nitrogen), most evident at pH 
6.5, but also marked at pH 6.0 and pH 7.4 (as was found also 
with 2,4-dinitrophenol), was observed both in the absence and 
presence of bovine serum albumin in the medium, and was not 
seen after aging of mitochondria, which process released the 
latent ATPase activity. The presence of bovine serum albumin 
in the incubation medium was required for the ATPase activity 
of lymphosarcoma, but not liver, mitochondria to remain latent. 
Na“ activated the latent ATPase activity of lymphosarcoma, 
but not that of liver, mitochondria. 

4. DOC did not cause leakage of protein from mitochondria. 

5. Steroids were without effect on the ATPase activity of 
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microsomal or soluble cytoplasmic fractions of lymphosarcoma 


or liver. 

6. DOC, in proportion to its concentration, caused expansion 
of the volume of lymphosarcoma and liver mitochondria. After 
such expansion, reduction of mitochondrial volume followed ad- 
dition of ATP; simultaneous addition of Mg++ with the ATP 
resulted in activation of ATPase and negated the effectiveness 
of ATP. Addition of bovine serum albumin alone decreased the 
rate and extent of DOC-induced mitochondrial swelling. 

7. Simultaneous determination of DOC-induced volume ex- 
pansion and DOC-augmented ATPase activity of both liver and 
lymphosarcoma mitochondria revealed that the extent of ex- 
pansion of mitochondrial volume was inversely related to both 
the initial and remaining concentrations of ATP. Greater than 
minimal concentrations of ATP, even in the presence of the 
ATPase-activating influence of Mg“, completely inhibited DOC- 
mediated mitochondrial volume expansion. 
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The extensive physiological effects of the steroid hormones 
suggest that some fundamental biochemical processes are altered 
by these compounds. Because of the obvious importance 
of terminal respiration in metabolism, there have been a number 
of investigations of the effects of the steroids on electron trans- 
port. Hochster and Quastel (1) showed that relatively high con- 
centrations (approximately 10-? m) of various steroids and di- 
ethylstilbestrol inhibited the oxidation of a-glycerol phosphate 
catalyzed by cell-free preparations of yeast and rat liver. They 
also found that diethylstilbestrol could function as an electron 
carrier in the yeast system, presumably by participating in a 
quinone-hydroquinone interconversion. These interesting find- 
ings have recently been extended by Williams-Ashman et al. 
(2), Hollander and Stephens (3), and Klebanoff (4). 

From another standpoint, we have recently reported (5) that 
catalytic concentrations of a number of steroids inhibited re- 
duced diphosphopyridine nucleotide (DPNH) oxidases from 
many mammalian and microbial sources. a-Tocopherol (and 
other compounds found by Nason and Lehman (6) to reactivate 
isooctane-treated preparations of DPNH-cytochrome e reduc- 
tase) could competitively reverse the steroid inhibition (5). 
In skeletal muscle, the site of inhibition was shown to be the 
DPNH-cytochrome c reductase reaction. Jensen (7) also found 
that in heart sarcosomes, DPNH-cytochrome c reductase was 
inhibited by the adrenal cortical hormones. The earlier findings 
of Wade and Jones (8) had suggested that the oxidation of 
DPNH by cytochrome c in intact liver mitochondria was pre- 
vented by progesterone. Their experiments, however, were com- 
plicated by alterations in mitochondrial permeability and other 
changes induced by the steroid, which make their results diffi- 
cult to interpret. 

This communication presents further data on the effect of 
steroids on the DPNH-cytochrome c reductase reaction. Locali- 
zation of the site of steroid inhibition has been made more pre- 
cisely and, in some tissues, an alternate, steroid-insensitive 
route of electron transport has been found. 


EXPERIMENTAL PROCEDURE 


Steroids were obtained from commercial sources and added 
as solutions in 50% (by volume) propylene glycol or in dioxane. 
The results were similar in either case. DPNH and cytochrome 
c were purchased from Sigma Chemical Company; antimycin A, 
from the Wisconsin Alumni Research Foundation; and amytal, 
from Eli Lilly and Company. 

Enzyme Preparations—Particles were isolated from various 
tissues according to the method of Hogeboom (9) by homogenis- 
ing the tissue with 7 volumes of 0.25 m sucrose and 0.001 m 
ethylenediaminetetraacetic acid followed by differential centrifu- 


gation. Large particles were collected between 600 and 10,000 
x and small particles between 10,000 and 100,000 x 9. A 
“light” preparation of beef heart mitochondria, separated by 
the method of Hatefi and Lester (10), was generously provided 
by Dr. R. L. Lester. The DPNH-cytochrome c reductase com- 
plex was obtained from skeletal muscle of the rat according to 
the method of Lehman and Nason (11). Spectrophotometric 
DPNH oxidase and DPNH-cytochrome c reductase assays were 
performed at room temperature as described previously (5). 

Reduction of particle-bound coenzyme Q was assessed by the 
method of Green, Hatefi, and Fechner (12). The reaction was 
stopped by the addition of perchloric acid (final concentration 
0.05 m). The mixture was then neutralized by adding enough 
1 m potassium phosphate buffer pH 7 to give a final concentra- 
tion of 0.2 M, and extracted for 20 minutes with 1.9 volumes of 
cyclohexane with the use of a mechanical agitator. Although 
this single extraction did not quantitatively remove all the in- 
ternal coenzyme Q, it gave consistently reproducible results, so 
that the optical density at 275 my of the cyclohexane extract 
was a valid index of the state of oxidation of the coenzyme. 
Progesterone, which was used in the coenzyme Q experiments, 
was also extracted by the cyclohexane and, although it had its 
maximal absorption at 232 my, its extinction at 275 my was 

RESULTS 

Localization of Site of Steroid Inhibition—It had previously 
been determined (5, 7) that in muscle the steroids interfered 
with DPNH oxidation by inhibition of DPNH-cytochrome c 
reductase. In this sequence, it is thought that electrons are 
transferred from DPNH via a flavoprotein, and either coenzyme 
Q or cytochrome b to cytochrome c, and then to cytochrome c 
(13, 14). 

Span from DPNH to Flavoprotein—Ferricyanide can accept 
electrons from the flavoprotein of DPNH-cytochrome reductase 
(15) presumably without the participation of cytochrome b or 
coenzyme Q. DPNH oxidation was studied in liver particles 
which were sedimented between 10,000 and 100,000 x g. It 
was, in the absence of added cytochrome c, sensitive to inhibi- 
tion by antimycin A. In the presence of 2.5 & 10 m potassium 
ferricyanide, the rate of DPNH oxidation was considerably 
faster than in the absence of this acceptor, which suggested 
that the reduction of the flavin by DPNH was not rate-limiting 
in this preparation of DPNH-cytochrome e reductase. When 
5 X 10-* M progesterone was included in the mixture, together 
with ferricyanide, there was no diminution in the rate of DPNH 
oxidation, although this amount of steroid was sufficient to 
produce approximately 70% inhibition of the DPNH oxidation 
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reaction (5). It was therefore concluded that progesterone did 
not affect the transfer of electrons from DPNH to the flavin. 

Flavoprotein to Cytochrome c—This region has been divided 
into two parts by the use of the inhibitors amytal and antimy- 
cin A. The former interferes with the reduction of cytochrome 
b (14) and coenzyme Q (see below), whereas antimycin A pre- 
vents oxidation of coenzyme Q (16) and thus the reduction of 
cytochrome ci. We reasoned that if the rate of the DPNH 
oxidase reaction were severely restricted by antimycin A, pro- 
gesterone, if it had only a single site of action, should inhibit 
the reaction further only if it acted at the same site as the anti- 
mycin. Table I shows, however, that in an antimycin-inhibited 
preparation of DPNH-cytochrome c reductase, progesterone lost 
its effectiveness as an inhibitor, suggesting that the antimycin- 
sensitive and steroid-sensitive steps were different. 

In contrast, when similar experiments were done with amytal 
as an inhibitor (Table II), progesterone was as inhibitory in the 


I 
Effects of antimycin A and progesterone on DPNH- 
cytochrome c reductase 

The reaction mixture contained DPNH-cytochrome c reductase 
fraction III (11) equivalent to 100 mg of tissue; potassium phos- 
phate buffer pH 7.5, 0.08 u; cytochrome c 3 X 10 ˙ m; DPNH 
4X 10-* mu; 0.1 ml of 50% propylene glycol with or without added 
steroid; and 0.05 ml of 50% ethanol with or without added anti- 
mycin A. 

The reaction was run at room temperature in the Beckman 
spectrophotometer and was followed by the decrease in optical 
density of the reduced pyridine nucleotide at 340 mu. 


4 OD/min X 
10 340 my 


~ 
Antimycin A, 2 X pg/ml............. 


Antimycin A, 2 Xx 10~‘ ug/ml + progester- 

one, 1 X 10 N 
Antimycin A, 4 X 10 
Antimycin A, 4 X 10 ug/ml + progester- 

one, 1 X 10 mu. 
Antimycin A, 2 X 10 ml.. 
Antimycin A, 2 X 10 u ug/ml + proges- 


NSS * 


o wom 8S SNE 


TaB.e II 
Effects of amytal and progesterone on DPNH-cytochrome c reductase 
Experiment identical to that in Table I except for use of amytal 
in lieu of antimycin A. 


Additives 4 | Inhibition 
% 
˙ 43 
Progesterone, 1 X 10 . 25 43 
Amytal, 2 X 10-* u + progesterone, 1 X 10-* 
˙ 10 77 
Amytal, 6 X 10 mu + progesterone, 1 X 10 
7 8⁴ 
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TaBLe III 


Effects of progesterone and amytal on coenzyme Q 
reduction in heart mitochondria 

Mixtures contained light beef heart mitochondria (10), 14.7 mg; 
sucrose 0.18 u; buffer pH 7.5, 0.01 M; DPNH 5 X 10M; 0.05 ml 
of 50% (by volume) propylene glycol with or without added ster- 
oid; and 0.1 ml of H,O with or without amytal. Reactions were 
started by the addition of DPNH and carried out with shaking 
for 1 minute at 37°. 


Additive OD 275 m 
Progesterone, 5 X 10 mn... 0.123 
Progesterone, 5 Xx 10 tt... 0. 109 
0. 089 
0. 178 


presence of the barbiturate as in its absence. This was inter- 
preted to mean that amytal and progesterone inhibited the same 
reaction. Amytal has been reported to have two sites of action 
(14), one between DPNH and the flavoprotein, and the other 
between the flavoprotein and cytochrome b. To determine 
whether amytal inhibited flavoprotein reduction in this prepara- 
tion, we examined DPNH oxidation in the presence of potassium 
ferricyanide and found that 4 X 10 M amytal produced no 
inhibition. These findings indicated that under the conditions 
of this study, amytal and, therefore, progesterone were probably 
acting to prevent cytochrome b (and/or coenzyme O reduction 
by the flavoprotein. It should be noted, however, that amytal 
inhibition, unlike that produced by progesterone, was not re- 
lieved by a-tocopherol. 

Reduction of Coenzyme Q by DPNH—Since the experiments 
described above strongly suggested that progesterone could 
block the reduction of coenzyme Q, the effect of this hormone on 
reduction of coenzyme Q by DPNH was studied directly. Table 
III shows that when DPNH was the reducing agent, the steady 
state concentration of oxidized coenzyme Q was increased in 
the presence of both progesterone and amytal. It can be seen 
that 5 X 10-5 M progesterone was somewhat more effective than 
the higher concentration. This might be explained by our 
observation (unpublished) that 10M progesterone produced a 
slight inhibition, about 15%, of the cytochrome oxidase reac- 
tion, whereas the lower steroid concentration used here was in- 
effective in this regard. 

The observed changes indicate, in fact, that progesterone and 
amytal interfere with the reduction of coenzyme Q by DPNH. 

Site of Action of Estradiol—Since the above experiments were 
done with progesterone, and in view of our finding that other 
classes of hormones were also effective inhibitors of DPNH 
oxidation (5), it was important to determine whether two differ- 
ent steroids acted at the same · locus. It was found (Table IV) 
that the effects of estradiol and progesterone on the DPNH 
oxidase of liver microsomes were additive, which was compatible 


— Transport—During the 
course of the investigations described above, we noted that the 
rate of oxidation of DPNH by particulate DPNH oxidase prepa- 
rations was considerably accelerated by the addition of cyto 
chrome c. Moreover, in liver and kidney preparations, but not 
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those from heart or skeletal muscle, this increase in rate was 
accompanied by a decrease in the inhibition produced by a given 
concentration of steroid. As illustrated in Fig. 1, the rates of 
DPNH oxidation were examined when cytochrome c was added 
to particles obtained from liver and heart in the presence or 
absence of 2 X 10-5 M progesterone. The inhibitory effect of 
progesterone was sharply decreased by the addition of the cyto- 
chrome to the liver enzyme, whereas with heart particles sedi- 
menting between 10,000 and 100,000 x , cytochrome c did not 
affect the degree of progesterone inhibition. When particulate 
DPNH-cytochrome e reductase was prepared from liver or 
muscle (11), the same results were obtained. That is, although 
the rate of DPNH oxidation was stimulated by cytochrome c 
in both preparations, progesterone inhibition was overcome by 
the cytochrome c only with the liver enzyme. These data were 
interpreted to mean that there is in liver and kidney, but not 
in heart or skeletal muscle, a steroid-insensitive pathway of 
DPNH oxidation which is activated by a high concentration of 
cytochrome c. In addition to the tissue sources reported pre- 
viously (5), we have also examined DPNH oxidases prepared from 
mouse thymus, beef pituitary, and human placenta, and in each 
instance we have observed inhibition of DPNH oxidation 
as aresult of steroid addition. The inhibition of DPNH oxidation 
catalyzed by particles from thymus and pituitary could not be 
reversed by cytochrome c, whereas that of the placental particles 
was overcome. Since our experiments suggest that steroids 
interfere with DPNH-cytochrome c reductase between the fla vo- 
protein and coenzyme Q, a steroid-insensitive pathway should 
likewise be resistant to inhibition by antimycin A and amytal. 
In accord with this prediction, the addition of cytochrome e 
overcame the antimycin inhibition of DPNH oxidase in micro- 
somes prepared from rat liver but did not abolish the inhibition 
in particles obtained from rat heart by centrifugation between 
10,000 and 100,000 x g (Fig. 2). Similar results were observed 
when amytal was the inhibitor. These results are consistent 
with the earlier data of Reif and Potter (17) which indicated 
the presence of an inhibitor-resistant pathway for DPNH oxida- 
tion in liver and kidney, but not in heart muscle. 


The results of previous investigations (5, 7) led to the con- 
clusion that various steroid hormones, in relatively low concen- 
trations, could interrupt electron flow in the DPNH-cytochrome 
e reductase reaction. The present work has indicated that the 
site of steroid inhibition is probably between the flavoprotein 
and coenzyme Q or cytochrome 6. The same reaction is ap- 
parently affected by amytal. The mechanism of action of the 
two inhibitors appears to be different, however, since a-tocoph- 
erol could reverse progesterone, but not amytal, inhibition. 

Of particular interest was the observation that a steroid-re- 
sistant pathway of DPNH oxidation could be activated by the 
addition of fairly large amounts of cytochrome c. This bypass 
seemed to function between the flavoprotein and cytochrome c, 
since it was insensitive to antimycin A and amytal, as well as 
steroid. This finding is reminiscent of Lehninger’s observation 
(18) that the inhibitor-insensitive external route of DPNH 
oxidation of liver mitochondria was also elicited by cytochrome 
c. It therefore seems reasonable that the inhibitor-resistant 
pathway described here is the same as that studied by previous 
investigators. 

Although the carriers involved in this proposed alternate 


Yielding, Tomkins, Munday, and Cowley 


Taste IV 
Effects of diethylstilbestrol and estradiol on 
DPNH-cytochrome c reductase 


Experiment identical to Tables I and II except that ethanol, 
amytal, and antimycin A were omitted. 


Additive | Inhibition 
% 
50 
Diethylstilbestrol, 1 X 10% w............ 41 18 
Estradiol, 1 X 10 mw. 35 31 
Diethylstilbestrol, 1 X 10 ˙ M + estradiol, 
20 48 


00 O2 03 
CYTOCHROME 


c mg/ml. 
B. 


Fic. 1. Reaction contained Tris buffer pH 7.5, 0.01 u; MgCl, 
2 X 10 u; KCl 7.5 X M; sucrose 0.12 DPNH 4 Xx u; 
and 50% propylene glycol, 0.1 ml with or without added steroid 


in a volume of 2.5 ml, — —-— partieles equivalent 
to: A, 5 mg of rat liver; or B, 25 mg of rat heart. 


4 00 X10? 340 mp 


Fi. 2. A, liver; B, heart; conditions identical to Fig. 1 except 
for use of 50% ethanol and antimycin A in lieu of propylene glycol 
and steroid, and small particles from heart equivalent to 5 mg of 
tissue. 


route are unknown, it may be relevant that soluble enzymes 
extracted from mitochondria (15) and microsomes (19) can 
reduce a cytochrome with DPNH. The mechanisms of these 
soluble enzymes are clearly different from those of the DPNH- 
cytochrome c reductases occurring in the intact particles from 
which they are isolated. To date, no function has been ascribed 
to them in organized electron transport systems. The steroid- 
insensitive pathway described here could indicate that these 
flavoproteins can catalyze the direct reduction of added cyto- 
chrome by DPNH in situ. Consistent with this idea is the fact 
that neither the soluble DPNH-cytochrome c reductase (15) 
nor the microsomal DPNH-cytochrome bi reductase (19) was 
inhibited by 5 X 10-* M progesterone.' 

Another possible explanation for an antimycin- and amytal- 


1 Unpublished observations by the authors. 
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resistant pathway was suggested by Raw et al. (20) who found 
that cytochrome b in liver mitochondria can be reduced by 
DPNH and can in turn reduce cytochrome c. This series of 
reactions is insensitive to both antimycin and amytal inhibition 
and may, therefore, represent the steroid-insensitive, cytochrome 
c-stimulated pathway studied in the present work. 

In the investigations described above, both mitochondria and 
lighter particles were used as sources of DPNH oxidase. It is 
rather curious that the steroids were equally effective with either 
particle, since the passage of electrons proceeds through different 
carriers in each (19, 21). It can only be concluded that a 
steroid-sensitive reaction is common to both particles, but it 
cannot necessarily be inferred that this reaction is the same in 
both cases. 

Many mitochondrial functions have been found to be influ- 
enced by the steroid hormones. In addition to the present 
effect, these include alterations in permeability (22), activation 
of adenosine triphosphatase with consequent uncoupling of 
oxidative phosphorylation (23), and inhibition of mitochondrial 
dehydrogenases (24). Furthermore, an assessment of the gross 
effects of diethylstilbestrol on mitochondrial function (25) sug- 
gested that alterations in more than a single enzyme may be 
necessary to account for the observed results. It is, therefore, 
difficult to assign any specific physiological importance to the 
inhibition described here. However, the critical role of DPNH- 
cytochrome c reductase in metabolism and the effectiveness of 
the steroids as inhibitors suggest that our results may be relevant 
to understanding the mechanism of action of these hormones, 
particularly as general inhibitors of cell growth (26-29). 

SUMMARY 
1. Several steroid hormones which inhibit the reduction of 
cytochrome e by reduced diphosphopyridine nucleotide, cata- 
lyzed by various preparations of mammalian reduced diphospho- 
pyridine nucleotide oxidase, did not affect the reduction of ferri- 
cyanide by the reduced pyridine nucleotide but did inhibit the 
reduction of coenzyme Q. 

2. Progesterone, although not effective in antimycin A- in- 
hibited preparations, was normally inhibitory in amytal-blocked 
systems 


3. The data suggested that the locus of steroid inhibition of 
the reduced diphosphopyridine nucleotide-cytochrome c reduc- 
tase reaction was between the flavoprotein and either coenzyme 
Q or cytochrome b. 

4. Progesterone and estradiol were found to act at the same 
site. 

5. In liver, kidney, and placenta, a steroid-resistant pathway 
could be stimulated by cytochrome c, whereas in heart and 
skeletal muscle, thymus, and pituitary, such a pathway was not 
operative. 


Steroids and Electron Transport 
6. The relationship of these findings, as well as their possible 


significance for steroid action, was discussed. 
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Conversion of 4Hydroxymethylene-A-cholesten- Zone 
to Cholesterol* 


J. Puptest Ax D Konrap BTLocn 


From the James B. Conant Laboratories, Harvard University, Cambridge, Massachusetts 
(Received for publication, July 19, 1960) 


When lanosterol is converted to cholesterol by isolated liver, 
the branched methyl groups at C-4 and C-14 are quantitively 
converted to CO, (1). These processes require molecular oxygen 
and reduced triphosphopyridine nucleotide. In view of these 
findings and because of the widespread natural occurrence of 
steroids containing partially oxidized one-carbon constituents 
it has been reasonable to assume that the methyl groups of lano- 
sterol are metabolized by stepwise oxidation and are eventually 
eliminated as CO, (1). 

In the present paper we report the conversion of 4-hydroxy- 
methylene-A’-cholesten-3-one to cholesterol and CO: under aero- 
bie conditions, and to CO, and A’-cholestenol under anaerobic 
conditions. The 4-hydroxymethylene compound was selected 
as a suitable test substance for ascertaining whether cholestane 
derivatives containing a formyl group instead of a methyl sub- 
stituent are biologically active. 


EXPERIMENTAL PROCEDURE 


Preparation of 4-Hydroxymethylene-A’-cholesten-3-one—This 
compound was synthesized by the steps shown in Fig. 1. 

To 0.4 g (1.03 mmoles) of A’-cholesten-3-one (II), prepared 
from A’-cholestenol (I) by oxidation with chromic acid (2), and 
dissolved in 4 ml of anhydrous benzene, was added a benzene 
solution containing 0.6 ml (7.5 mmoles) of freshly distilled ethyl 
formate and sodium methoxide (from 100 mg of Na (4 mmoles) 
in 4 ml of benzene). The mixture was stirred for 24 hours at 
room temperature in an atmosphere of N, then cooled in ice 
and acidified with 2.5% sulfuric acid. The hydroxymethylene 
compound was extracted with ether and the ether solution was 
washed well with water and dried over anhydrous NaSO,. After 
evaporation of the solvent, there remained 400 mg of a yellow 
powder which gave a positive reaction in the ferric chloride test. 
This material was chromatographed on silicic acid (Mallinckrodt, 
100 mesh, for chromatography) with Skellysolve and Skellysolve- 
benzene as eluting solvents. The FeCl- positive material 
emerged in the fractions eluted by Skellysolve-benzene, 1:3. A 
total of 270 mg of a white crystalline material was obtained which 
melted, after successive crystallizations from Skellysolve and 
benzene-methanol at 156-159° (with decomposition); aD = + 
22.6° (c = 0.9, in chloroform). The infrared spectrum showed 
the expected bands at 1600 cm-' and at 1680 em-. In the ul- 


* Supported by grants-in-aid from the Life Insurance Medical 
Research Fund, the U. 8. Public Health Service, the National 
Science Foundation, and the Eugene Higgins Trust Fund of Har- 
vard University. 

t Present address, Faculty of Medicine, University of Minas 
Gerais Belo Horizonte, Brazil. 


traviolet the hydroxymethylene compound absorbed maximally 
at 280 mu; log « = 3.945. Comparable values have been re- 
ported for 2-hydroxymethylenecholesten-3-one (log e 4.22 
at 285 my (3)). Samples dried in a vacuum at 100° slowly de- 
composed, and therefore the results of elementary analysis were 
not considered significant. 

The acetyl derivative of Compound III, prepared by Dr. J. J. 
Britt, melted at 130-135°; log e 4.03 at 256 mu; aD = + 
12.59° (e = 1.48 in chloroform). 

Elementary analysis for O. 
Calculated: C 79.24, H 10.20 
Found: C 79.12, H 10.27 


Identification of Hydroxymethylene Compound—To establish 
the presence of the hydroxymethylene substituent in the 4. 
rather than the 2-position, Compound III was catalytically re- 
duced in two steps to the known saturated ketone, 48-methyl- 
cholestanone (3). A solution of 200 mg of the compound in 75 
ml of methanol-acetic acid, 4:1, was reduced with hydrogen in 
the presence of 100 mg of 10% palladium-charcoal at room tem- 
perature and ordinary pressure. A total of 23 ml of H: was 
consumed (calculated for 2 moles, 22 ml). The crude product, 
presumably a mixture of 4-methyl-A* “*)-cholesten-3-one and the 
A’ isomer, was further reduced under the conditions described 
for the reduction of lophenol to lophanol (4). The above product 
(168 mg), dissolved in 20 ml of acetic acid containing one drop 
of perchloric acid, was shaken with Pt (prereduced, from 65 mg 
of PtO,) for 5 hours. A second batch of catalyst was added 
and hydrogenation continued for 46 hours. The crude reduction 
product (171 mg), presumably a mixture of 4a- and 48-methyl- 
cholestanols, was dissolved in 1 ml of benzene and treated with 
67 mg of chromic acid in 3 ml of 99% acetic acid to oxidize the 
alcohols to the corresponding ketones. The mixture was stirred 
mechanically at room temperature for 18 hours and the products 
isolated in the usual fashion. Alumina (Merck) chromatography 
yielded 3 fractions. Fraction I, 44 mg, eluted by Skellysolve, 
had m. p. 45° after 2 crystallizations from benzene-methanol; 
aD = + 40.5 ( = 0.925 inchloroform). 
showed neither carbonyl or hydroxyl bands suggesting that the 
compound is a 4-methylcholestane. Fraction II (33 mg), eluted 
with Skellysolve-benzene, 3:1, was not further investigated. 
The column fractions eluted with Skellysolve-benzene, 1:1 (57 
mg), yielded colorless plates, melting at 124-125° after 2 crystal- 
lizations from methanol; aD = + 43°(c = 1.0 in CHCl). The 
compound had a carbonyl band at 1720 cm- in the infrared and 
no characteristic absorption in the ultraviolet. The semicarba- 
zone melted at 175-180°. The physical constants of this re- 
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R =!ISOOCTYL 
Fic. 1. Synthesis of 4-hydroxymethylene-A’-cholesten-3-one. 
III and IV are tautomeric forms. The predominant hydroxy- 


methylene isomer is presumably stabilized by hydrogen bonding 
between —CHOH and the oxygen at C-3. 


duction product differ clearly from those of the known 2-methyl- 


ref. m.p. «Dp 
2 a-methyl............. (5, 6) 119-120 +32° 
2 B-methyl............ (5, 6) 96-97 +86° 
4a-methyl............. (3) 122-122.5 +25° 
(3, 7) 125-127 +36° 
Product obtained from 
Compound III. 124-125 +43° 


It is therefore concluded that the hydroxymethylene substit- 
uent in Compound III is located in the 4 position. 

Preparation of 2-T, 4-C™ 
Exchange in TO—A’-Cholestenone (II), 200 mg, were dis- 
solved in 1 ml of absolute ethanol containing 4 mg of NaOH 
and 0.05 ml of TO (50 mc) and the solution heated under reflux 
for 4hours. The ketone was reisolated from the cooled solution 
and washed repeatedly with H,O. After crystallization from 
ethanol it had a specific activity of 10.5 « 10% d.p.m. per umole, 
the T being present presumably in both the 2 and 4 positions. 

Reaction of Tritiated Ketone with Ethyl C. formate To the 
T-containing ketone (130 mg, 0.34 mmoles, 1.43 x 10 d.p.m.) 
dissolved in 7 ml of anhydrous benzene were added Na-methoxide 
prepared from 23.5 mg of Na, and approximately 1.7 mmoles 
of ethyl C formate. The latter was prepared by heating under 
reflux at 150° for 5 minutes 12.5 mg of Ci sodium formate (1.46 
* 10 e. p. m.) with 0.5 ml of diethyl sulfate. After cooling and 
dilution with 2 ml of benzene the ethyl formate was distilled 
directly into a well chilled flask containing the benzene solution 
of the tritiated ketone. The reaction mixture was stirred at 
room temperature for 48 hours and worked up as described above 
for unlabeled hydroxymethyl ketone. The positive frac- 
tions eluted from a silicic acid column by Skellyskove-benzene, 
1:3, were collected and yielded 65 mg of crystalline material, 
m. p. 148°. The specific activity was 7.4 X 10‘ c.p.m. of C™ 
per umole, or 94% of that calculated from the specific activity 
of HCG ONa (7.9 Xx 10% c.p.m.). The value for T was 4.12 x 
10° d.p.m. per umole or 40% of the specific activity of the trit- 
iated A’-cholestenone (10.5 X 10° d.p.m. per mmole). This 
value is in accord with the assumption that the A’ ketone was 
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labeled equally by T in the 2 and 4 positions and that half of 
the label was lost on introduction of the hydroxymethylene sub- 
stituent in the 4 position. 

Metabolic Experiments—Livers of rats weighing 
100 g, were homogenized according to Bucher (8). Incubations 
were carried out in Warburg flasks equipped with a side arm and 
a center well. Homogenate (4 ml) was placed into the main 
compartment and 10 yg of doubly labeled 4-hydroxymethylene- 
A’-cholesten-3-one dissolved in 0.2 ml of acetone was added. 
The side arm contained 0.2 ml of 9 N sulfuric acid and the center 
well 0.2 ml of CO;free 30% KOH. The closed flasks were in- 
cubated for 3 hours at 37° in a Dubnoff shaker. For anaerobic 
experiments the flasks were flushed for 10 minutes with pre- 
purified nitrogen before closing. At the end of the experimental 
period the sulfuric acid from the side arm was tipped into the 
main compartment and the flasks agitated for 15 minutes to 
ensure complete absorption of the Ci O, by the alkali in the center 
well. BaC O, was precipitated and collected in the usual fash- 
ion. For the isolation of the sterols the homogenates were di- 
gested by adding 2 g of KOH and 9 ml of methanol and heating 
the mixture on the steam bath for 1 hour in a N, atmosphere. 
The sterols, extracted from the alkaline solution by three por- 
tions of petroleum ether, were isolated from the nonsaponifiable 


ponifiable fraction from the experiment described in Table III was 

on deactivated alumina by successive elutions 
with Skellysolve, Skellysolve-benzene, and benzene. The ben- 
zene fractions yielded 11.5 mg of crystalline sterols with a total 
activity of 34,000 d.p.m. of tritium. To this material 10 mg of 
carrier A’-cholestenol was added to facilitate separation from 
cholesterol. The sterol mixture was placed on a silicic acid- 
Celite (3:1) column (26 X 2 cm) and subjected to gradient elu- 
tion with Skellysolve-benzene (10). Plating and counting of 
aliquots of the emerging fractions revealed two radioactive peaks. 
The material in peak A, 8.3 mg, 1050 d.p.m., comprising frac- 
tions 139 to 153 (volume, 7 ml per fraction) was cholesterol melt- 
ing at 140-141 after crystallization from methanol. Fractions 
157 to 174 gave 8 mg of crystalline material, melting, after crys- 
tallization from methanol, at 120-123° (A’-cholestenol has m. p. 
120-122°) and containing a total of 15,000 d.p.m. or 44% of the 
radioactivity in the total sterol fraction. The A’-cholestenol 
was recrystallized 3 times from methanol and the specific activity 
of the crystals and the solids in the mother liquor determined 
at each stage by counting small aliquots in a gas flow counter. 
With samples weighing approximately 100 ng, the counting ei- 
ficiency of the gas flow counter was found to be approximately 
vs of that obtained by liquid scintillation counting.“ The results 
are given in Table IV. The crystals and mother liquors contain- 
ing A’-cholestenol were recombined (6 mg), 14 mg of carrier A- 
cholestenol were added, and the mixture acetylated at room 
temperature by addition of 0.75 ml of acetic anhydride in 1 ml 
of pyridine. The crystalline A’-cholesteny! acetate (m. p. 114°) 
was dissolved in 10 ml of ethyl acetate and hydrogenated in the 
presence of 11 mg of platinum catalyst. Since the A’ double 
bond resists hydrogenation by Pt-H: in a neutral solvent (11) 
catalytic reduction should leave the A’-steny] acetate unchanged 
whereas any contaminating cholesteryl acetate would be reduced 


1 Analyses performed in a Packard Tri-Carb scintillation coun- 
ter by the New England Nuclear Corp. 
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to cholestanyl acetate. The specific activities of the stenyl ace- 
tate after reduction and successive crystallizations are shown in 
Table IV. Making allowance for dilutions resulting from the 
addition of A’-cholestenol carrier, the total activity in the A’- 
stenol fraction is calculated to be 13,300 d.p.m. This compares 
with a total of 15,000 d.p.m. in the crude A’-stenol fraction ob- 
tained after silicic acid-Celite chromatography. 

For a further check on radiochemical purity, the A’-cholesteny] 
acetate was saponified by heating under reflux for 3 hours in 5% 
methanolic KOH. The free stenol, isolated in the usual manner, 
had after crystallization from methanol, m.p. 117°, and a specific 
activity of 420 d.p.m. (average of 2 determinations); calculated 
from the specific activity of the acetyl derivative: 436 d.p.m. 
The specific activity of the A’-cholestenol thus remained essen- 
tially constant during the operations described. 


The hydroxymethylene A’-ketone (Compound III) was chosen 
as a model for the study of methyl oxidation because it is a readily 
accessible cholestane derivative containing a partially oxidized 
methyl substituent. The corresponding A isomer, which is the 
more likely normal intermediate, would have been preferable for 
these metabolic studies but the synthesis of a A® stenol substituted 
at C-4 was considered too difficult to attempt. On the other 
hand, as shown by the facile synthesis of lophenone from A’- 
cholestenone (12, 13,14), C-4 substituted steroids can be obtained 
directly from the A’-ketone. Alkylation occurs preferentially 
if not exclusively at C-4 even in the absence of a protecting group 
at C-2. The same general method therefore seemed of promise 
for introducing a formyl group at the 4-position. As anticipated, 
treatment of A’-cholestenone with ethyl formate in the presence 
of base yielded a product having properties to be expected of 
4-hydroxymethylene A’-cholestenone. That substitution had 
taken place at C-4 was demonstrated by catalytic reduction of 
the hydroxymethylene derivative to the known 4§-methyl- 
cholestanone (3). The over-all yield in this reduction was only 
25%, however, and the possibility that substitution had occurred 
at C-2 as well as at C-4 is therefore not rigidly excluded. Since 
in the analogous synthesis of lophenone the 2-methy] isomer was 
not observed (13, 14), it may be argued that in the present case 
also, substitution was restricted to the 4-position. The chro- 
matographic behavior of Compound III was relatively uniform, 


I 
Aerobic metabolism of 2-T, 4-C'*-hydrozymethylene-A'-cholestenone 
Each flask contained 4 ml of liver homogenate and 10.25 yg of 
substrate (1800 c.p.m. of C and 112,500 d.p.m. of T). Samples 
were incubated in air for 3 hours at 37°. 4 ml of the same ho- 
mogenate converted 10 wg of uniformly labeled C**-lanosterol 
(1000 c.p.m.) to cholesterol in 24% yield. 


Expt. No. CO: T in Sterol 
c. p. n. % conversion d. p. n. % conversion 

1 269 14.9 3700¢ 3.3 

2 169 9.4 

3 200 11.1 

4 237 13.2 
5 150 8.4 

* Crude cholesterol fraction. 


* Cholesterol, purified by way of the dibromide, from the com- 
bined nonsaponifiable fractions of Experiments 2 to 5. 
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II 


Aerobic and anaerobic conversion of hydrozymethylene compound 

Each flask contained 41 ml of liver homogenate and 10.25 yg of 
substrate (1800 c.p.m. of CW and 112,500 d.p.m. of T). Samples 
were incubated in air or nitrogen for 3 hours at 37°. 


CHO» T in sterol 
c. m. % conversion d. p. % conversion 

1. Aerobic — — — an 

2. Anaerobic — 0.2 
2 — 

3. t 

fraetion · 
— — — 350 0.15 


© Cholesterol from the nonsaponifiable fraction of 3 flasks, 
purified by way of the dibromide. 

* Sterols in mother liquor from cholesterol dibromide. 

¢ Supernatant fraction (105,000 X g) equivalent to 4 ml of 
homogenate. 


Tan III 
Anaerobic metabolism of hydroxymethylene compound in 
liver homogenates 


Rat liver homogenate, 10 ml., were incubated with 26 yg of the 
hydroxymethylene compound for 3 hours in an atmosphere of 
nitrogen. The Cie content of the BCO, indicated that 6.7% of 
the substrate had been decarboxylated. The T content of the 
purified 4’-cholestenol corresponds to a conversion of 4.7%. 


T. d. p.. 
Substrate addee ll 280, 000 
Total nonsaponifiable fraction 68 ,000 
4’-cholestenol, crude...................... 15,000 
4’-cholestenol, purified..................... 13,300 
Taste IV 
Specific activity of A’-cholestenol formed anaerobically from 
hydrozymethylene compound 
d.p.m./mg ¢.p.m./mg 
1. 4’?-Cholestenol after chroma- 0 1. Crystallization 168 
tography 2. Crystallization 165 
3. Crystallization 154 
2. 4’-Cholestenyl acetate, 400 1. Crystallization 55¢ 
treated with Pt-H; 2. Crystallization 46 
3. Crystallization 45 
3. A Cholestenol, after sapon- 420° 
ification of the acetate 


* Calculated on the basis of dilution with carrier, 47 ¢.p.m. 
* Calculated value for free stenol 436 d.p.m. 
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_ and, moreover, the specific radioactivity of the reaction product 
was 94% of that calculated from the specific activity of ethyl 
formate, assuming that only one formyl residue had been intro- 
duced. It is thus unlikely that the disubstituted 2, 4-dihydroxy- 
methylene derivative was among the reaction products. 

In assigning to Compound III the structure shown in Fig. 1 
it is assumed that the double bond remained in the 7, 8 position 
during formylation of A’-cholestenone. Whereas in acid media 
this double bond is labile and prone to migrate to the 8, 14 posi- 
tion isomerization is unlikely under the alkaline conditions 
employed in the synthesis of Compound III. Further support 
for this argument is the enzymatic conversion of Compound III 
to A- cholestenol under anaerobic conditions as discussed below. 

In the metabolic experiments we have deliberately used the 
3-keto rather than the 3-hydroxy compound because various 
observations made in this laboratory indicate that ketones and 
not alcohols are the intermediates during the demethylation of 
lanosterol.? 

When added in small quantities to liver homogenates, the 
hydroxymethylene compound is metabolized to cholesterol and 
CO; in yields of approximately 5 to 10% (Table I). This 
substance is therefore only a moderately active cholesterol pre- 
cursor compared to lanosterol (15), 14-norlanosterol (16), or 
4a-methyl-A*-cholestenone.? In spite of the relatively low yield 
of conversion the information obtained with the hydroxy- 
methylene compound is probably pertinent to the mechanism of 
methyl group oxidation in cholesterol biogenesis. 

The recoveries of tritium in cholesterol, and of Ci in CO, were 
approximately the same although the yields of C tended to be 
higher. Since the tritium at C-2 is in an exchangeable position, 
nonenzymatic labilization could account for the somewhat lower 
yield of tritium-labeled sterol than of CI. 

The hydroxymethylene compound is metabolized under both 
aerobic and anaerobic conditions. As shown in Table II the 
production of CO, from Compound III does not diminish sig- 
nificantly in an atmosphere of nitrogen. This is in contrast to 
the metabolic behavior of lanosterol which is not metabolized in 
the absence of oxygen (1). Once the methyl substituents have 
been partially oxidized by molecular oxygen, presumably to the 
hydroxymethy] stage, the further steps and the eventual removal 
of the substituent seem to be no longer dependent on oxygen. 
These observations are in line with the study by Gillette on 
methyl oxidation showing that an initial oxidation step and 
subsequent dehydrogenations are involved in the enzymatic 
transformation of p-nitrotoluene to p-nitrobenzoic acid (17). 

The sterol produced anaerobically from the hydroxymethylene 
compound fails to form a crystalline dibromide derivative and is 
therefore not cholesterol. On bromination of the sterol fraction, 
all of the radioactivity separates from the dibromides and passes 
into the mother liquor. Chromatographically the tritium- 
containing sterol behaved like an isomer of cholesterol and was 
therefore suspected to be the A’-stenol. The sterol fraction from 
a second anaerobic experiment (Table III) was therefore subjected 
to chromatography on silicic acid-Celite (10). This yielded a 
radioactive peak separable from cholesterol and shown by carrier 
crystallization to contain A’-cholestenol (Table IV). The A- 
stenol is the principal anaerobic product of the hydroxymethylene 
compound. The fact that in anaerobiosis the substituent is re- 
moved but the double bond retained in the 7,8 position is in 


2 M. Lindberg and K. Bloch, unpublished. 
H. Dutler and K. Bloch, unpublished. 
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accord with the observation that in the absence of oxygen A’. 
cholestenol is not metabolized to cholesterol by liver homogenates 
(18). As we have shown earlier that the conversion of dihydrozy- 
mosterol to cholesterol is also an oxygen-dependent process (19), 
the evidence is strong that the double bond at 5,6 in cholesterol 
is introduced as the result of an oxidative process and not by 
isomerization of an existing double bond. To explain this re- 
quirement for oxygen we have earlier proposed (20) that a hy- 
droxylation at C-6 followed by elimination of water is responsible 
for the introduction of the double bond at the 5,6 position.‘ 

Very little conversion occurred when the hydroxymethylene 
compound was incubated with the supernatant fraction of liver 
homogenates (Table II). The slight activity is probably not 
due to soluble enzymes, but is caused by microsomes which failed 
to sediment on centrifugation. The present findings extend 
previous experiences showing that the lanosterol-cholesterol path- 
way is associated with particulate enzyme systems. 


The chemical synthesis of 2-T, 4-C, 4-hydroxymethylene-A’- 
cholesten-3-one is described. In liver homogenates this com- 
pound is converted to CO, and tritium-containing cholesterol. 
Under anaerobic conditions the principal product is A’-cholestenol 
rather than cholesterol. 
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‘In support of this hypothesis, Dr. W. E. Harvey in this lab- 
oratory has recently shown that 38-, 68-dihydroxy-A’-cholestene, 
a potential oxidation product of A’-cholestenol, can serve as 8 
precursor of cholesterol. 
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The German cockroach, Blattella germanica, in common with 
all other species of insects so far studied, has an indispensable 
requirement for a dietary supply of sterol (1, 2) which can be 
met by sterols of vegetable origin (ergosterol, sitosterol) as well 
as by cholesterol. In at least one other species of insect, Der- 
mestes vulpinus, which has been closely studied (3), this dietary 
requirement has been shown to be associated with an apparently 
complete absence from the tissues in the insect of the enzymic 
systems known to be involved in sterol synthesis in other organ- 
isms. Blattella, on the other hand, despite its known dietary 
requirement for sterols, has been found to contain appreciable 
amounts of labeled sterol after ingestion of C'-sodium acetate 
(4). A similar result has been obtained in work with the Ameri- 
can cockroach, Periplaneta americana (5), in which it was shown 
that the level of incorporation of injected C'*-acetate into sterol 
was of the same order as that found in the mouse. 

The origin and nature of this labeled sterol of Blattella are 
therefore of considerable interest. In the present paper it is 
shown that the major labeled sterol originates in the intestinal 
symbionts of the insect and evidence for its structure is presented. 

Further experiments are described which relate to the role of 
intestinal microorganisms in the sterol economy of this insect, 
and their significance is discussed. 


EXPERIMENTAL PROCEDURE 


Methods and Materials—Cockroaches, B. germanica, were de- 
scendants of the same stock colonies used for earlier studies in 
these laboratories. Their maintenance and the manner of 
isolation of colonies for feeding experiments under normal, non- 
aseptic conditions were as previously described (6). The tech- 
niques used for the isolation and rearing of roaches under aseptic 
conditions have also been described elsewhere (7) and have been 
applied without modification in the present work. Synthetic 
diets were prepared essentially as described by Noland (8) with 
such additions and modifications as will be described. Tests for 
asepsis of the roach colonies were routinely made by inoculation 
of specimens of insect feces into test tubes containing sterile re- 
constituted Difco medium B430. Such tests were made in 
triplicate and were read after incubation for 3 days at 37°. 

Chromatographic alumina was generally of two types. De- 
activated Merck alumina used in most experiments for prelimi- 
nary chromatographic isolation of crude sterol fractions from the 
nonsaponifiable extracts was Merck chromatographic grade alu- 
mina which had been deactivated by thorough mixing with 7% 

* Supported by grants-in-aid, from the National Institutes of 
Health an and the Life Insurance Medical Research Fund. 


of its own weight of 10% acetic acid in water. Deactivated 
Woelm alumina, used for the more exacting separation of sterol 
acetates was prepared by treating neutral Woelm alumina of 
activity I with 3% of its own weight of 10% acetic acid. Chro- 
matographic solvents were always dried over calcium hydride 
and redistilled before use. 

Radioactivity measurements were made by plating samples 
of negligible thickness (<0.5 mg) on aluminum planchets and 
counting in a windowless gas flow counter. 

22-Dehydrocholesterol was a gift from the late Professor W. 
Bergmann. 


Incorporation of Acetate-1-C™ into Sterols of B. germanica under 
Nonaseptic Conditions—A group of 200 adult roaches were fed 
10 g of artificial diet containing 0.1% cholesterol to which 30 
mg of sodium acetate-1-C" (1.3 X 107 c.p.m. per mg) had been 
added. After 25 days, the diet was consumed and the insects 
were killed by immersion in boiling ethanol, ground with washed, 
ignited sand, and extracted three times with 100 ml of boiling 
ethanol and three times with 100 ml of boiling acetone. The 
total lipid extract was evaporated to dryness under nitrogen and 
saponified by refluxing under nitrogen with 5% methanolic 
potassium hydroxide for 2 hours. The methanolic solution was 
diluted with water and extracted three times with petroleum 
ether, which gave a total nonsaponifiable fraction weighing 250 
mg (5 X 10*c.p.m.). The saponifiable material contained 2.6 XK 


10 e. p. m. 

Preliminary chromatography of the nonsaponifiable fraction 
on 75 g of deactivated Merck alumina led to the recovery of 
the bulk of the activity (3 X 10* c. p.m.) with ligroin. The 
crude crystalline sterol, 17.3 mg (1 X 10% ¢.p.m.), was eluted 
with benzene. This material was acetylated by treatment with 
1 ml of pyridine and 1 ml of acetic anhydride at room tem- 
perature for 48 hours under an atmosphere of pure nitrogen. 
The acetylated sterols were worked up in the usual way, and 
the resultant 19.4 mg of semicrystalline material was chro- 
matographed on alumina with the results shown in Fig. 1. 

The sterol acetates were recovered in two main peaks as pre- 
viously observed by Clark (4). Fractions 32 to 54, 10 mg, 
8000 c. p. m., was designated Peak I. Fractions 56 to 102, 3 mg, 
300,000 c.p.m., was designated Peak II. 

The two separate peaks were examined further as follows. 

Identity of Peak II with 22-Dehydrocholesterol—An aliquot (1 
mg) of the sterol acetate of Peak II, 100,000 c.p.m., was com- 
bined with 2 mg of inactive 22-dehydrocholesteryl acetate and 
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Fic. 1. Chromatography of sterol acetates from B. germanica eeding 
10 g of deactivated Woelm alumina, 9 ml fractions eluted with ligroin, b.p. 65-70°. 
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FRACTION NUMBER 


Fie. 2. Cochromatography of Peak II, with 22-dehydrocholes- 
teryl acetate. The adsorbant was 5 g of Woelm alumina activity 


I, pretreated with 1.5% of its weight of 10% acetic acid in water, 
10 ml fractions 1 to 50 eluted with ligroin, b.p. 65-70°; fractions 
51 to 90 eluted with 5% benzene in ligroin. @——®@, weight re- 
covered; O——O, c.p.m. recovered. 


chromatographed as shown in Fig. 2, where it can be seen that 


the curve of recovered weight closely corresponds with that of 


Degradation of the Sterol of Peak II 

Of this material, 0.68 mg (20,000 c.p.m.) was allowed to react 
for 18 hours with approximately 10 mg of osmium tetroxide in 
2 ml of ether with addition of 2 drops of pyridine. The os- 
mate and unreacted tetroxide were decomposed with excess so- 
dium sulfite and 50% aqueous ethanol under reflux, and the 
by standard procedures. 

The product was dissolved in 1 ml of glacial acetic acid, and 
10 mg of lead tetraacetate, dissolved in the minimum of glacial 
acetic acid, was added. To this solution was added 15 mg of 
pure isovaleraldehyde, and the mixture was allowed to react at 


after f 


of acetate-1-C* nonaseptically. The adsorbant was 
@——@, weight recovered; O——O, c.p.m. 


room temperature for 3 hours. After dilution with an equa 
volume of water, the mixture was boiled, the distillate being 
collected in 2,4-dinitrophenylhydrazine reagent at 0° until no 
further precipitate was produced. The mixture of reagent and 
distillate was vigorously shaken and allowed to stand for 1 hour 
to allow complete precipitation of the 2,4-dinitrophenylhydra- 
zone of isovaleraldehyde. 

The dinitrophenylhydrazone, 30 mg, was separated by filtra- 
tion, washed with cold methanol, and recrystallized twice from 
aqueous methanol to give 14.3 mg of material, m.p. 122-123°, 
with a specific activity of 58 c.p.m. per mg. After three further 
recrystallizations, both melting point and specific activity were 
unchanged. 

On the assumption that the sterol is labeled as a result of 
total de novo synthesis of 22-dehydrocholesterol from acetate, 
the isovaleraldehyde dinitrophenylhydrazone isolated in this ex- 
periment should contain 2 atoms (Cas and Ca) out of a total 
of 12 labeled carbon atoms originating in Ci of acetate. A 
total of 20,000/6 or 3300 c.p.m. should thus be released in the 
15 mg of isovaleraldehyde present in the reaction mixture. From 
this it can be calculated that the dinitrophenylhydrazone of iso- 
valeraldehyde should have a specific activity of 71 c.p.m. per 
mg, a value which agrees satisfactorily with that observed ex- 
perimentally. 


Examination of Sterol Acetate of Peak I 


Sterol acetate of Peak I, 8 mg, with a total activity of 6500 
c.p.m. and a specific activity of 810 c.p.m. per mg was recrys- 
tallized from methanol to give 6.2 mg of material, m.p. 113- 
115°, with a specific activity of 853 c.p.m. per mg, which gave 
no depression of melting point on mixing with pure cholesteryl 
acetate, m. p. 114116. 

The material was chromatographed on 5 g of deactivated 
Woelm alumina with ligroin as the eluent. The specific activity 
of the recovered material (5 mg) had fallen to 540 c.p.m. per 


mg. 

The acetate was now dissolved in 0.5 ml of ether and precipi- 
tated as the dibromide from which it was regenerated by treat- 
ment with zinc and glacial acetic acid. Three crystallizations 
of the crude product from methanol gave 0.75 mg of material, 
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m.p. 115-115.5°, which was undepressed by mixing with cho- 
lesteryl acetate and had a constant specific activity of 286 c.p.m. 

r mg. 

P Metabolism of Acetate-1-C™ by B. germanica under Aseptic Condi- 
tions—Nymphs of B. germanica from two oothecae were hatched 
and reared aseptically on 5 g of synthetic diet containing 0.1% 
cholesterol to which 30 mg of sodium acetate-1-C (1.3 x 10 
c.p.m. per mg) had been added. After 4 months the diet had 
been consumed and 34 adult roaches were removed from the 
culture jar and killed by immersion in ethanol. At the termina- 
tion of the experiment, the asepsis of the colony was confirmed 
by inoculation of samples of insect feces into sterility test me- 
dium. Extraction of the nonsaponifiable fraction was effected 
by a similar procedure to that used in the nonaseptic experi- 
ment and yielded in this case 31 mg of material, specific activity 
5 X 10 c. p.m. The saponifiable lipids, 73 mg, contained 4 * 
10 c. p. m. 

Preliminary chromatography of the nonsaponifiable fraction 
on 5 g of deactivated Merck alumina led to the recovery, as 
before, of the major part of the activity (4 x 10 c.p.m.) in 
the hydrocarbon fraction. The sterol fraction, eluted with 30% 
benzene in ligroin, weighed 2.3 mg and contained only 2000 
c.p.m. (i.e. approximately 0.2% as much as in the nonaseptic ex- 
periment). The sterol was precipitated as the digitonide and 
regenerated by the standard procedure. The residue weighed 
1.7 mg and on crystallization from methanol gave 0.93 mg of 
crystals, m.p. 147-148°, with a specific activity of 400 c.p.m. 
per mg. Dilution with 2.05 mg of nonradioactive cholesterol, m. p. 
148-149°, followed by recrystallization from methanol now gave 
1.07 mg of crystals, m. p. 148-149°, with a specific activity of 140 

c.p.m. per mg. Purification via the dibromide, followed by re- 
crystallization from methanol, gave 0.5 mg of crystals, m. p. 
148-149°, with a specific activity of 116 c.p.m. per mg. The 
calculated specific activity of this material is 125 c.p.m. per mg. 

Synthesis of Ergosterol in B. germanica under Nonaseptic Con- 
ditions—A group of 75 roaches which had been reared to ma- 
turity on a synthetic diet containing 2% ergosterol as sole sterol 
source were fed 2 g of diet of the same composition but with 
addition of 10 mg of sodium acetate (1.3 X 10’ c.p.m. per mg). 

The diet was consumed in 20 days and the insects (dry weight 
2.7 g) were extracted in the usual way after grinding with sand. 
Saponification of the total lipid extract gave a nonsaponifiable 
fraction weighing 80 mg (900,000 c.p.m.). Preliminary chro- 
matography of this material on deactivated Merck alumina gave 
a crude sterol fraction, eluted with 30% benzene, weighing 15 
mg (45,000 c.p.m.). This material was acetylated under ni- 
trogen at room temperature as previously described, and the 
product passed onto 10 g of deactivated Woelm alumina. 

Recovery of material from this chromatogram was incomplete, 
but as observed by Clark and Bloch (6), two sterol acetate frac- 
tions could be eluted with 5% benzene: Fraction 1, 4.3 mg, 
4300 c. p. m.; and Fraction 2, 2.1 mg, 1920 c.p.m. 

Final elution with 10% methanol in diethyl ether recovered 
5 mg of gummy material, specific activity 6000 c.p.m., which 
was not identified. 

Fraction 1 has been shown previously in similar experiments 
by Clark and Bloch (6) to be predominantly 22-dehydrocho- 
lesterol and was not examined further in the present experi- 
ment. 

Fraction 2 was semicrystalline and had maximal absorption 
at 282 mu with E = 8000, assuming a molecular weight of 438. 


R. B. Clayton 


The material was diluted with 18 mg of carrier ergosteryl ace- 
tate, m. p. 178-180°, and crystallized twice from methanol to 
give material with a specific activity of 70 e. p.m. per mg. Three 
further recrystallisations left the specific activity unchanged. 
solved in ether, treated with lithium aluminum hydride and 
the free sterol recovered after decomposition of the excess re- 
agent with 2 & sulfuric acid. 

The specific activity of the product (5.5 mg) was now 75 
c. p. m. per mg. Calculated specific activity after loss of the 
acetate group: 76 c.p.m. per mg. Two from 
ethanol gave ergosterol, m. p. 163-1647, in which the specific 
activity remained constant at 76 c.p.m. per mg. 

Metabolism of Ergosterol by B. germanica under Aseptic Condi- 
tions—A group of 200 roaches, both adults and their young, 
weighing 9 g, which had been reared aseptically throughout their 
lives on a synthetic diet containing 2.0% ergosterol as sole sterol 
source, were killed and the nonsaponifiable fraction isolated in 
the usual way. A crude sterol fraction weighing 14.5 mg was 
isolated by chromatography on deactivated Merck alumina. Ul- 
traviolet absorption measurements on this material at 282 my, 
indicated a maximal possible concentration of ergosterol (Exes 
= 12,000) of 35%. 

The crude sterols were acetylated under nitrogen at room tem- 
perature and chromatographed on 5 g of deactivated Woelm 
alumina with ligroin as the solvent, and 9 ml fractions were 
collected. The results were closely similar to those obtained 
by Clark and Bloch (7) in similar experiments performed under 
nonaseptic conditions. The sterol acetates emerged as two well 
defined peaks. 

Fractions 41 to 100 yielded 4.9 mg of semicrystalline material 
which after 2 crystallizations from methanol gave 2 mg of crys- 
tals, m.p. 126-128°, which was undepressed on mixing with 
22-dehydrocholesteryl acetate, m. p. 126-127°. Hydrolysis of 
this material with lithium aluminum hydride afforded a product 
which, when crystallized from methanol, melted over a range of 
128-132°, remaining undepressed on mixing with authentic 22- 
dehydrocholesterol. 

Fractions 101 to 115 gave 1.3 mg of material melting over 
the range 90-122° which was not further investigated. 

Fractions 146 to 165 contained a negligible weight of material. 

Fractions 166 to 239 contained 4.9 mg of material, m. p. 154 
165°, which, after 3 crystallizations from methanol, gave 3 mg 
of ergosteryl acetate, m. p. 175-180°, remaining undepressed on 
mixing with pure material. 


An earlier study (6) has provided an unequivocal demonstra- 
tion of the conversion of dietary ergosterol to 22-dehydro- 
cholesterol in the German cockroach under normal, nonaseptic 
conditions. That the labeled sterol appearing in the nonsa- 
ponifiable lipid fraction of this insect after feeding Cc ace- 
tate might also be 22-dehydrocholesterol was suggested by some 
preliminary observations made by Clark (4). Thus, the sterol in 
question was shown by chromatography to be somewhat more 
polar than cholesterol, mild chromic acid oxidation converted 
it to a ketone which traveled chromatographically closely with 
A*‘-cholestenone, and hydrogenation with a platinum catalyst 
gave a compound which cocrystallised with cholestanol without 
change of specific activity. 

The present experiments have shown that 22-dehydrocholes- 
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terol is indeed synthesized from C"™-acetate by this organism 
in its normal, nonaseptic state, even when the sole exogenous 
dietary sterol is cholesterol. 22-Dehydrocholesterol must there- 
fore be presumed to be a normally occurring sterol of B. ger- 
manica. The extent of labeling of the isovaleraldehyde frag- 
ment isolated after cleavage of the side chain double bond of 
the sterol agrees satisfactorily, for this type of experiment, with 
that which is expected if the whole sterol molecule is synthe- 
sized de novo from acetate according to the now well established 
scheme (9). 

A wide variety of microorganisms are known to inhabit the 
gut of all species of cockroaches so far examined (10) and in 
the species at present under consideration, yeasts (11, 12) and 
at least one species of fungus (13) may be normal intestinal 
symbionts. The most plausible explanation for the appearance 
of labeled 22-dehydrocholesterol in the insects fed C-acetate 
would therefore seem to be the initial incorporation of Ci“ into 
ergosterol by these and, probably, other related microorganisms, 
followed by the transformation of the ergosterol to 22-dehydro- 
cholesterol. The correctness of this explanation is supported by 
the findings, also reported here, that in roaches reared aseptically, 
the incorporation of acetate into sterol is almost completely 
abolished, and that labeled acetate is incorporated into ergosterol 
in nonaseptic insects. 

The conversion of ergosterol to 22-dehydrocholesterol is a func- 
tion of the tissues of the insect itself and is not due to the fur- 
ther activity of intestinal microorganisms. This is clearly dem- 
onstrated by the experiments in which roaches were reared 
aseptically with ergosterol as a sole sterol source. In these ex- 
periments the roaches matured and reproduced normally and 
no difference could be discerned between the metabolism of er- 
gosterol in these cultures and in the nonaseptic cultures used 
earlier (6). Further studies designed to locate the site of er- 
gosterol metabolism are currently in progress. 

Comparative studies of the dietary requirements of two 
other species of insects, the anobiid beetles, Lasioderma and 
Stegobium, reared under aseptic and nonaseptic conditions (14), 
have shown that in the former of these species and to a lesser 
extent in the latter, the sterol requirement can be largely sup- 
plied by yeasts which are normally associated with the intes- 
tinal tract of the insects. Presumably, in these cases also, the 
biosynthesized sterol is ergosterol, although nothing is known 
of its transformations in the insect tissues. 

A preliminary examination of the less polar and less highly 
labeled sterol fraction isolated after feeding CW acetate to non- 
sterile roaches suggests that at least a part of the activity resides 
in cholesterol. It should be noted that most of this material 
is recovered cholesterol originally consumed as 0.1% of the diet. 
It is not possible at present to account for the labeling of the 
cholesterol fraction. It could arise in a variety of ways discussed 
more fully below in connection with the appearance of labeling 
in cholesterol even in aseptic roaches fed Ci. acetate. The pos- 
sibility that this labeled sterol, in the nonaseptic roach, is a 
further metabolite of 22-dehydrocholesterol is of interest and is 
at present under investigation. 

In an earlier study Clark and Bloch (15) developed the thesis 
that the sterol requirements of insects are amenable to analysis 
into two major functional categories, the one being confined to 
nonmetabolic and purely structural utilization and the other 
to a nonstructural and essentially metabolic role. In support 
of this concept a number of different sterols that were unable 
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to serve as sole sterol source for Dermestes vulpinus were shown 
to be capable of replacing at least 75% and possibly as much 
as 97% of the normal cholesterol requirement of this insect. 
22-Dehydrocholesterol was shown to act as such a sparing sterol 
in Dermestes, and the question therefore arises of whether the 
apparent capacity of the normal roach to utilize ergosterol as 
its sole sterol source, entailing the conversion of this compound 
to 22-dehydrocholesterol, is perhaps also merely an example of 
the sparing phenomenon. Conceivably, the 22-dehydrocholes- 
terol arising from ergosterol in these insects may require sup- 
plementation with small amounts of cholesterol arising from an- 
other source, possibly protozoal symbionts. 

There is evidence from our experiments with C"-acetate that 
in aseptic roaches a very small amount of cholesterol is synthe- 
sized and the possible origins of this material are discussed be- 
low. That this cholesterol arises in amounts inadequate for 
the essential metabolic requirements of the insect is indicated 
by the finding that Blattella is incapable of growth aseptically 
on a diet containing cholestanol (0.1%) as sole sterol source. 
It can do so however, when this diet containing cholestanol is 
supplemented with as little as 0.004% cholesterol (a concentra- 
tion of cholesterol which by itself is well below the minimum 
required for maturation).! It is clear, therefore, that the sterol 
requirements of Blattella, like that of Dermestes, can be met in 
large measure by a sparing sterol (cholestanol) which must, how- 
ever, be supplemented by a minimal amount of an essential 
“metabolic” sterol (in this case, cholesterol). Thus, since er- 
gosterol and presumably 22-dehydrocholesterol are able to serve 
as sole dietary sterols for Blattella even under aseptic condi- 
tions, it seems most likely that they do not function merely 
as sparing sterols but can supply the entire sterol requirement 
of the insect. 

The fact that our sterilization procedure does not completely 
eliminate sterol synthesis in Blattella requires some further com- 
ment. The technique consists essentially in rendering the ex- 
ternal surface of the oothecae sterile and then allowing the 
nymphs to hatch and develop in an aseptic environment for 
the period of the experiment. It is therefore reasonably certain 
that the gut and other extracellular spaces of the body are 
free from contamination. Our procedure, however, has no ef- 
fect upon intracellular symbionts which may pass from parent 
to offspring via the egg. The best known of all such symbionts 
of the roaches are the so-called bacterioids, the precise nature 
of which still remains uncertain. Their transmission to the off- 
spring during oogenesis is known to be a normal and indeed 
essential event in the life history of the insect (16) and it is 
possible that these organisms are responsible for the persistence 
of an exceedingly low level of sterol synthesis in the otherwise 
aseptic roach. A second possibility which cannot be discounted 
is that some of the insects may harbor intracellular parasites 
of other kinds, possibly protozoons, of which there are certainly 
many species known to occur as extracellular symbionts of the 
roaches (10). 

The roaches are considered to comprise one of the more prim- 
itive of insect orders and hence a third possibility suggests itself, 
that the trace of sterol synthesis observed in our aseptic cultures 
represents a true residuum of a primitive biosynthetic capacity 
which has been entirely lost by the higher orders such as the 
coleoptera, as exemplified by Dermestes vulpinus (3). In this 
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connection it may be of interest to examine the sterol-synthe- 
sizing capacity of some orders of insects such as the thysanura 
or the diplura which occupy positions still lower in the evolu- 
tionary scale than the roaches. 

The author is grateful to Professor Konrad Bloch for his stimu- 


lating interest in this investigation. 
SUMMARY 


1. The principal sterol synthesized from acetate in the Ger- 
man cockroach, Blattella germanica, under nonaseptic conditions, 
has been shown to be 22-dehydrocholesterol. 

2. Evidence is presented for the derivation of this material 
from ergosterol synthesized by the intestinal flora of the insect. 

3. The metabolic conversion of ergosterol to 22-dehydrocho- 
lesterol is shown to be independent of the microbial population 
of the intestine. 

4. The possible significance of trace amounts of sterols syn- 
thesized in aseptic as well as nonaseptic roaches is discussed. 


R. B. Clayton 
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Although deoxycholate has been used to solubilize membranes 
of cellular organelles in preparation of constituent enzymes (1), 
there appears to have been little systematic study of its reactions 
with proteins. Its rather wide use in enzymology suggests that, 
whatever dissociations of natural complexes may be brought 
about, deoxycholate could hardly act on peptide chains in a 
degree comparable to that shown by the synthetic detergents such 
as the alkyl sulfates. These may combine with cationic groups 
of many proteins, even on the alkaline side of the isoelectric 
point, and denature (2). Such reactions are regarded as non- 
specific (3). They may be seen with oxyhemoglobin (4). In the 
course of an extension of studies concerned with the hemoglobin 
of the red-cell membrane (5), a number of detergents have been 
used to solubilize the stroma. Results pertaining to the asso- 
ciation of pigment with other constituents of the stroma will be 
given elsewhere. Meanwhile, an observation not hitherto re- 
ported of a specific kind of interaction between deoxycholate and 
methemoglobin has been studied. The findings include: (a) 
formation of a complex insoluble at the isoelectric point, (b) 
solubilization by appropriate amounts of deoxycholate to give a 
pigment with a characteristic absorption spectrum which remains 
unchanged between pH 6.8 and 9.0, (c) displacement of deoxy- 
cholate from the complex by cyanide with formation of cyan- 
methemoglobin, and (d) electrophoretic evidence that deoxycho- 
late does not combine appreciably with the globin moiety. 
Other hemoglobin derivatives and catalase are shown not to react 
perceptibly with deoxycholate, whereas on the other hand, cho- 
late and dehydrocholate fail to react with methemoglobin. The 
interaction of deoxycholate and methemoglobin appears to in- 
volve primarily the ferriporphyrin group and detergent anion, 
and the complex then becomes incorporated into micelles. 


EXPERIMENTAL PROCEDURE 

Several commercial preparations of deoxycholic acid were 
tried, two of which had sharp melting points at 176-178°. Since 
all gave entirely similar results, most experiments were carried 
out with commercial sodium deoxycholate (Fisher Scientific 
Company). Cholic and dehydrocholic acids were obtained from 
the Mills-Ames Company, Elkhart, Indiana. 

Oxyhemoglobin was prepared by lysis of fresh, washed, human 
red cells with water or water and toluene. The insoluble mem- 
branes were removed by high speed centrifugation and discarded. 
Methemoglobin and cyanmethemoglobin were prepared by addi- 
tion of potassium ferricyanide and potassium cyanide. Concen- 

* This work has been su by a grant from the United 
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trations of pigment for spectral studies were about 0.1%, for 
electrophoresis usually 1 to 3%. The catalase used had been 
recrystallized from beef liver and kept in the frozen state for 
several years. 

Absorption spectra were examined in the visible region with 
the Hartridge reversion spectroscope and the Beckman model 
DU spectrophotometer. Hemoglobin was measured as oxy- 
hemoglobin or cyanmethemoglobin and its molar concentrations 
calculated on the basis of a molecular weight of 68,000. 

Electrophoresis was carried out at room temperature on What- 
man No. 3MM paper strips sandwiched between siliconed glass 
plates. Control observations were made with barbital buffers 
of ionic strength 0.05. To compare the effect of deoxycholate, 
the detergent was added to the buffer throughout, to give a final 
concentration of 2 X 10 M or 7 X 10 M. 

The work was carried out in the pH range 6.8 to 9.0, limits 
imposed by the insolubility of deoxycholic acid and the insta- 
bility of hemoglobin in alkali. 

RESULTS 


When sodium deoxycholate was added in gradually increasing 
amounts to a 10-* M solution of methemoglobin in barbital or 
phosphate buffer pH 6.8, a reddish brown precipitate formed. 
The greatest amount of pigment, 70 to 80% of the total, was 
precipitated at a deoxycholate concentration of about 10-* M; 
addition of more detergent resulted in solubilization, completed 
at about 2 X 10-* M, the neighborhood of the critical micellar 
concentration (6, 7). 

A similar experiment was carried out in barbital pH 7.5. No 
precipitation occurred; the spectrum could therefore be followed. 
It was that expected for methemoglobin at pH 7.5 (8) until the 
concentration of deoxycholate exceeded 10-* m. At this concen- 
tration the magnitude of the peak at 630 my began to diminish. 
With deoxycholate at 5 X 10-* M, the solution became redder 
and was found to have a spectrum quite different from that of 
methemoglobin but much like cyanmethemoglobin (Fig. 1). 
The same findings were obtained at pH 8.6 and with borate 
buffer at pH 9.0. 

In corresponding experiments, cholate and dehydrocholate 
were added to methemoglobin at pH 6.8, but neither precipitation 
nor a change in spectrum was observed. 

On the other hand, both of these substances, as well as deoxy- 
cholate, were found to react with alkaline hematin. Recrystal- 
lized hemin was dissolved in 0.1 n NaOH; at 2 x 10 M it 
showed a broad absorption band with a maximum at about 610 
mu. Addition of cholate, dehydrocholate, or deoxycholate 
(10-2 N produced in all cases a shift of the peak to about 580 
my with intensification of absorption. 
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The absorption spectrum of catalase was unaffected by 10-* M 
deoxycholate pH 7.4, whereas qualitative tests for enzymatic 
activity showed no impairment either immediately or after stor- 
age for 48 hours at 4°. The absorption spectrum of exanmethe- 
moglobin was likewise unaffected by deoxycholate. Of special 
significance was the fact that the spectrum of methemoglobin- 
deoxycholate (Fig. 1) could be changed to that of cyanmethemo- 
globin immediately upon the addition of potassium cyanide. 
Thus, of three ferrihemeproteins examined, only methemoglobin 
appeared to react with deoxycholate, and the detergent, even at 
high concentrations, was promptly displaced by cyanide anion. 
The spectrum of methemoglobin-deoxycholate could be restored 
to that of methemoglobin by simple dilution, with reduction of 
deoxycholate concentrations to below 10-3 a. 

Similar examinations of the spectra of oxyhemoglobin and 
carboxyhemoglobin were complicated by air oxidation. The rate 
of this change is directly proportional to hydrogen ion concentra- 
tion; for example, the amount of oxyhemoglobin converted to 
methemoglobin by oxygen can be as much as 50% at pH 5.7 
but only 20% at pH 7.04, under otherwise identical experimental 
arrangements (9). In the present study it was found that de- 


-oxycholate brought about rather rapid changes in the spectrum 


of either oxyhemoglobin or carboxyhemoglobin at pH 6.8, with 
similar but slower changes at pH 9.0. Thus, in the system bar- 
bital pH 6.8, oxyhemoglobin 2 X 10-5 Mu, sodium deoxycholate 
7 X 10 NM, room temperature, the changes in optical density with 
time at selected wave lengths were as shown in Table I. It can 
be seen that the characteristic peaks were soon diminished, and 
within 24 hours the spectrum became that of methemoglobin- 
deoxycholate. A control run at the same time, without deoxy- 
cholate, showed the characteristic spectrum of oxyhemoglobin, 
and this exhibited no change. In similar experiments at pH 9.0 
spectral change was first observed after 3 hours, and conversion 
to methemoglobin-deoxycholate was incomplete after 20 hours 
at 4°. It could also be shown that lowering of deoxycholate con- 
centration would also lower the rate of alteration of oxxhemo- 
globin to the methemoglobin-deoxycholate complex. 

Reduced hemoglobin was produced by evacuation of a Thun- 
berg tube containing oxyhemoglobin, and deoxycholate was 
tipped in. The color did not change; the spectrum as seen with 
the Hartridge reversion spectroscope was that of reduced hemo- 
globin. 

It appeared, therefore, that ferrohemoglobin showed no im- 
mediate reaction with deoxycholate. Its ultimate conversion to 
a pigment having an absorption spectrum indistinguishable from 
that of methemoglobin-deoxycholate was evidently mediated 
first by autoxidation in air, a process accelerated by removal of 
the product, methemoglobin, into micelles of the detergent. It 
now became of interest to see whether electrophoresis of the 
various hemoglobin derivatives in deoxycholate would indicate 
complexing of the detergent with the globin portion of the mole- 
cule. If this should occur, either through salt linkages or other- 
wise, the electronegativity and mobility of the protein might be 
expected to increase (2). 

The comparative behavior of various hemeproteins subjected 
to paper electrophoresis in deoxycholate is exhibited in Fig. 2. 
The mobilities, except for methemoglobin, were essentially those 
seen in control experiments run without deoxycholate and thus 
afforded no evidence that the detergent has combined with or 
dissociated the peptide chains or the porphyrin groups. Methe- 
moglobin, however, was found to travel at a rather regular, 
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OPTICAL DENSITY 


490 SIO 330 550 S70 390 610 630 
WAVE LENGTH 


Fic. 1. Absorption spectra of cyanmethemoglobin, O, and 
methemoglobin-deoxycholate, @. Barbital pH 8.6. Concentra- 
tion of both, 1.1 mg per ml. 


I 
Changes with time in optical density of system 
oryhemoglobin-deorycholate, pH 6.8 


Time, min 

Wave length 
1000“ 

mp 
630 0.015 0. 140 0.175 
576 1.075 0.840 0.660 0.550 
560 0.640 0.620 0.600 0.600 
540 0.990 0.900 0.820 0.770 

* Overnight at 4° 


CENTIMETERS 
Fic. 2. Paper strip electrophoresis; barbital pH 7.5 + 0.007 
deoxycholate; 300 volts, 10 ma, 3 hours; anode to the right. Sche- 
matic representation of (I) oxyhemoglobin, (2) carboxyhemoglo- 


bin, (9) cyanmethemoglobin, (4) methemoglobin, (6) catalase, 
(6) catalase cyanide, (7) methemoglobin + deoxycholate + KCN. 


rapid rate which much exceeded that of catalase. Since with 
the other hemoglobin derivatives, there was no evidence of reac- 
tion between deoxycholate and the globin moiety, the behavior of 
methemoglobin was attributed to a complex involving the por- 
phyrin nucleus. It had been shown (see above) that the spec- 


trum of methemoglobin-deoxycholate was observed to change to 
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that of in upon addition of cyanide. This dis- 
placement of deoxycholate by cyanide was demonstrated also by 
electrophoresis (Spot 7, Fig. 2), suggesting that the initial 
reaction between methemoglobin and deoxycholate was in molar 
ratio 1:1. The electrophoretic patterns, however, showed for 
methemoglobin (Spot 4, Fig. 2) a far greater electronegativity 
than could be accounted for by the addition of only 1 mole of 
deoxycholate anion. A likely explanation for the finding ap- 
peared to be the incorporation of methemoglobin-deoxycholate 
into micelles of deoxycholate. Consistent with such a view was 
the finding that in a system containing less deoxycholate (2 X 
10-3 m) the bulk of methemoglobin moved as if uncomplexed, 
i.e. somewhat more slowly than oxyhemoglobin (Fig. 3). At this 
concentration of detergent there would be fewer micelles. 

Serum albumin seems foremost among proteins in its ability to 
bind anions nonspecifically (3). Synthetic alkyl sulfates form 
with albumin complexes greatly accelerating electrophoretic mo- 
bility (2). When human serum was subjected to electrophoresis 
in barbital-deoxycholate, the pattern of mobilities of the albumin 
and globulins was seen to be much the same as in buffer alone, 
without detergent, and the resolution was reasonably satisfactory 
(Fig. 4). Once more, at least on the alkaline side of the isoelec- 


| 


Fic. 3. Photograph of paper strip electrophoresis. Oxyhemo- 
globin above, methemoglobin below. Barbital pH 8.6 + 0.002 m 
deoxycholate. Conditions: 400 volts, 3 hours, anode to the right. 
Broken line outlines spot of dextran. Bromphenol blue stain. 


Fid. 4. Photograph of human serum in same arrangement as 
for Fig. 3. The diffuse staining of the albumin spot by brom- 
phenol blue is poorly shown. D is a spot of dextran. 


Methemoglobin-Deorycholate Interaction 


trum much like that of cvanmethemoglobin. 
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tric points, the proteins seemed not to be appreciably altered 
by deoxycholate. 


The reaction appeared to be curiously specific, in that nothing 
similar could be demonstrated with the ferrihemeprotein catalase, 
on the one hand, nor with the lipid congeners cholate and dehy- 
drocholate, on the other. The configurations both of the protein 
and of the detergent seemed critical. Of more interest perhaps 
was the lack of evidence that deoxycholate either dissociated 
porphyrin from globin or combined with the peptide chain. 
Chargaff, Ziff, and Hogg studied the effect of cephalins on hemo- 
globin (10). In neutral solution, the phosphatide destroyed the 
absorption spectra of carboxyhemoglobin and oxyhemoglobin, 
evidently dissociating the porphyrin nucleus. Reduced hemo- 
globin, on the other hand, was unaffected. It might have been 
supposed that deoxycholate would exhibit similar destructive 
effects upon one or another of the hemeproteins, but none was 
found in the present experiments. Elkes and Finean could 
demonstrate, at alkaline pH, a complex of oxyhemoglobin and 
hexadecylsulfate marked by shifts in the a and g absorption 
bands (4). With deoxycholate, the spectrum of oxyhemoglobin 
was not similarly affected. 

The suggestion that there is no combination of deoxycholate 
with globin arises solely from qualitative electrophoresis experi- 
ments. No attempt has been made to secure quantitative 
binding data. Nonetheless, the finding that deoxycholate ex- 
hibits little affinity for the peptide chain on the alkaline side 
of the isoelectric point is consistent with the well known fact 
that m: ny enzymes maintain their biological activity after appli- 
cation of deoxycholate (1). 

Although both methemoglobin and deoxycholate occur in the 
body fluids, it is hardly possible to say that the observed inter- 
action in vitro carries any biological significance. At alkaline 
pH the complex is most readily appreciated with detergent levels 
above the critical micellar concentration. At the isoelectric 
point of the protein, however, precipitation is observed in 10~ 
mM detergent, a concentration in the neighborhood of, and even 
somewhat below, that often seen for bile acids in human serum 
(11). It would be worthwhile to examine other metalloproteins, 
since it is possible that the prosthetic group of methemoglobin is 
not unique in its ability to react with deoxycholate. The reac- 
tions of deoxycholate with hemoglobin M (12, 13) would like- 
wise be of interest. 


Methemoglobin has been shown to react with deoxycholate to 
form an ionic type of complex involving the prosthetic group and 
detergent anion. The complex becomes incorporated into mi- 
celles of deoxycholate. It has a characteristic absorption spec- 
It can be disso- 
ciated by dilution; the deoxycholate anion is readily displaced by 
cyanide. Other hemoglobin derivatives show no similar reac- 
tion with deoxycholate, nor does catalase. Paper electrophoresis 
of proteins in buffers containing deoxycholate gave no evidence 
of complexing between detergent and peptide chains on the 
alkaline side of the isoelectric point. 


Acknowledgment—Dr. John V. Taggart of this department 
kindly supplied the catalase used. 
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Alkaline denaturation or disruption of disulfide bonds decreases 
the reactivity of bovine pancreatic ribonuclease with its antibody 
(3). These reactions probably alter drastically the structure of 
ribonuclease and accordingly give little clue to the specific struc- 
tural features required for ribonuclease to react with its antibody. 
A less drastic procedure is partial deamination, which has been 
shown to alter the immune reactivity of certain proteins (4). 
Further, deamination at low temperature for short periods re- 
moves the a-amino group selectively from some proteins (5). In 
this study, short treatment with nitrous acid gave two ribonucle- 
ase derivatives. In one the NH: -terminal lysine was deaminated 
and in the other an additional lysine was also deaminated. 
Little other chemical or physical change occurred. The immuno- 
logical reactivity of deaminated ribonuclease decreased, whereas 
its enzymic activity changed only slightly. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The methods were the same as employed previously (3) with 
the following exceptions. A single lot of crystalline RNase 
(Armour lot 381-059) was used, except as a source of RNase B 
and for certain preparations of RNase A, which were from Ar- 
mour lot 647-213. A RNase B was prepared by pooling the 
fractions immediately preceding the RNase A peaks from 
chromatography on Amberlite IRC-50 (XE-64) resin at pH 6.22. 
The pooled material was dialyzed, concentrated, and rechro- 
matographed at pH 6.10 in 0.2 m phosphate buffer in a 0.9 x 
30-cm column. Material from the peak coming off at 32 ml and 
representing 19 to 22% of the total optical density at 280 mu 
was called RNase B. It was distinct from RNase A upon 
chromatography at pH 6.22, but indistinguishable from RNase A 
in C’-fixation tests.' By the DNP technique, an NH- terminal 
lysine, but no traces of other terminal amino acids were found. 
The rabbit antiserum used in most of the experiments was pre- 
pared with RNase A as antigen. 

For amino acid analysis, samples were hydrolyzed under vac- 


* Supported in part by research grant number E-1846, from the 
National Institute of Allergy and Infectious Diseases, National 
Institutes of Health, United States Public Health Service. Pre- 
liminary reports of portions of this work have appeared (1, 2). 

t Present address, Graduate Department of Biochemistry, 
Brandeis University, Waltham, Massachusetts. 

1The abbreviations used are: C’, complement; DNP, 2,4- 
dinitrophenyl; CH. o units of C', the amount giving 50% lysis of 
sensitized erythrocytes under standard conditions; Da-RNase, 
RNase deaminated for 71 minutes under the conditions described. 


uum in sealed containers for 16 hours at 105° in constant boiling 
HCl that had been distilled three times in an all glass system and 
kept in sealed vials until use. The analyses were made in an 
automatic amino acid analyzer similar to that described by 
Spackman et al. (6). 

High voltage electrophoresis was performed on a cooled plate 
for 12 hours at 10 volts per cm with pyridine acetate buffer at 
pH 5.9. The dried papers were submitted to chromatography 
with n-butanol-acetic acid-water; 3: 1:1. 


Deamination of RNase 


Ribonuclease was deaminated by mixing a 2% solution in 08 
or 1 m acetate buffer (pH 4.0) with 1 volume of freshly prepared 
2 m sodium nitrite. The solutions were precooled and the re- 
action carried out at 0°. The reaction was stopped by addition 
of 20 volumes of cold absolute ethanol and the precipitated 
RNase was centrifuged at once, washed with ethanol, dissolved 
in water, and lyophilized. The immune reactivity of samples 
deaminated for various intervals is shown in Fig. 1. The 
reactivity dropped quickly during the first 3 minutes and re- 
mained constant during the next 27 minutes. After longer 
periods, the protein became yellow and less reactive with anti- 
body to native RNase. The ratio of ninhydrin color to nitrogen 
content was fairly constant during the first half-hour but then 
decreased. Unless indicated, all subsequent studies were done 
with RNase that had been treated for 7} minutes (Da-RNase). 

Da-RNase had the following physical chemical characteristics. 
The diffusion constant Dio. e, by an immunological procedure 
(7), was 9.20 X 10-7 cm? per second, which is similar to 9.1 X 
10-7 em? per second obtained with native RNase, although both 
values are somewhat lower than those that other methods yield. 
The sedimentation constant of a 1% solution in 0.15 m NaCl was 
1.87 S in good agreeement with accepted values of 1.88 to 1.958 
(8, 9). 


Chromatography of Da-RNase 
Da-RNase was chromatographed on Amberlite IRC-50 resin 
at several pH values between 5.97 and 6.46 in 0.1 or 0.2 M phos 
phate buffer. Alkaline to pH 6.2, the components did not sepa- 
rate completely and, acid to pH 6.0, the components came off as 
broad ill defined peaks after excessive amounts of eluant were 
used. The best separations were achieved at pH 6.10 in 0.2 U 


phosphate buffer at room temperature. In a typical experiment, 
a column 7.5 cm in diameter and 30 cm long was loaded with 
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900 mg of Da-RNase under these conditions and 22 ml fractions 
were collected. Peak I was at 748 ml (1.7 hold-up volumes) and 
represented 57% of the recovered material on a ninhydrin basis. 
Peak II, at 1606 ml (3.6 hold-up volumes), contained 43% of the 
material recovered. In other experiments, Peak I accounted for 
56 to 66% of the recovered Da-RNase. The proportion of Peak 
I to Peak II was not altered when Da-RNase was prepared from 
RNase A rather than from RNase. The tubes near the middle 
of each peak were pooled and the material was desalted by ab- 
sorption to a minimal amount of Amberlite IRC-50 resin at pH 
5.34, elution at pH 7.98, and passage through a mixed bed resin 
as described by Hirs et al. (10). Peak I yielded 97 mg of protein 
and Peak II, 78 mg. It is probable that the major losses oc- 
curred during desalting. In other preparations the peaks were 
dialyzed in 18/32 Visking tubing against distilled water and 
lyophilized. No differences were found between derivatives de- 
salted by either method. When rechromatographed, each peak 
emerged as a single component at the expected location. 

Rate of Formation and Effect of Additional Deamination of 

Derivatives 

Several types of experiments were done to examine the differ- 
ences between the deaminated peaks. When a sample that had 
been deaminated for only 1 minute was chromatographed on a 
0.9 X 27 em column of Amberlite IRC-50 resin at pH 6.06, three 
major peaks appeared. The first at 5.6 ml contained 12% of the 
recovered material, the second at 19.6 ml contained 22%, and 
the third at 61.4 ml contained 61%. In a subsequent run on 
the same column, RNase A came off at 60.5 ml. When Da- 
RNase was run on this column, peaks appeared at 8.75 ml and 
17.6 ml. The fractions were also assayed by C’-fixation and 
were shown to possess reactivity consistent with the hypothesis 
that the third component was RNase A and that the other com- 
ponents were Peaks I and II. It is noteworthy that the ratio 
of Peak I to Peak II is 1.56 in Da-RNase and 0.55 in the sample 
deaminated for 1 minute. 

When Peak I was retreated with sodium nitrite in acetate 
buffer for 74 minutes and rechromatographed, only one peak 
corresponding in position to Peak I was present. However, 
chromatography of redeaminated Peak II yielded two peaks, a 
major component coming off where Peak I was expected and a 
smaller component corresponding to Peak II. Since Peak II 
gave a single peak unless it was redeaminated, it seems probable 
that Peak I is the product resulting from further deamination 
of Peak II. The lysine contents and chromatographic behavior 
of Peaks I and II are also consistent with this view. 


Chemical Characterization of Da-RNase 


The amino N was determined by the Van Slyke procedure 
(Table I). The greater amounts of N liberated on prolonged 
exposure of proteins to analytical deamination are not unusual 
(11) and probably arise from amide groups (12). Since there 
are 11 moles of amino N per mole of RNase, the value at 12 
minutes probably represents the sum of the q- and e- amino 
groups before significant secondary reactions take place. Da- 
RNase and chromatographically purified preparations from it 
had a lower content of amino N and appeared to be deaminated 
at a slower rate. Probably two or three amino groups are ab- 
sent in Da-RNase. 

The amino groups were also studied by the reaction with 
fluorodinitrobenzene. After correction for hydrolysis and chro- 


Van Vunakis, Leikhim, Delaney, Levine, and Brown 


C’ Hso FIXED 


4 


2% RNASE N 
Fic. 1. Immune reactivity of RNase treated with nitrite at 
pH 4 and 0° for various intervals: O— O, control; @——@, 1 
minute; Q Q, 3 minutes; ©——-@, 71 minutes; A——A, 10 
minutes; X——X, 30 minutes; 4——A, 3 hours; — 0. 19 


TaBie I 
Amino nitrogen content of Da-RNase 


Duration of Van Slyke deamination 


3.5 min | 12 min | 16 min | 20 min 


moles Van Slyke N/mole RNase 


Native RNase 8.0 | 11.7 12.3 13.3 
6.5 9.5 9.7 | 10.4 
Da-RNase Peak J. 9.4 
Da-RNase Peak I. 9.2 


matography losses, 9.0 moles of e-DNP.-lysine were found per 
mole of RNase as expected and bis-DNP-lysine was found in 
the ether extracts. DNP-Da-RNase Peak I and DNP-Da- 
RNase Peak II gave 8.0 and 8.4 moles of ¢-DNP-lysine, respec- 
tively. Neither contained bis-DNP-lysine. No unusual com- 
ponents were found in the ether or aqueous phase. This result 
suggests that one or two of the amino groups removed during 
deamination came from the NH: terminal lysine. 

The amino acid composition of RNase A, RNase B, Da-RNase 
Peak I, and Da-RNase Peak II obtained in the automatic amino 
acid analyzer suggests that two lysine residues are absent from 
Da-RNase Peak I and one residue from Da-RNase Peak II (Ta- 
ble II). Little variation in the content of the other amino acids 
occurred. Since the analyses were done to compare the four 
proteins, the hydrolysis time was kept constant and the data 
were not corrected for loss of labile amino acids as serine and 
threonine during hydrolysis or for incomplete hydrolysis of iso- 
leucyl and valyl bonds. Hydrolysis at 110° would have been 
preferable. 

During amino acid analysis of Da-RNase, two components 
were found in the chromatogram that did not correspond to the 
usual amino acids found when RNase was analyzed. The first 
(Xi appeared just before glycine and the second (X:) between 
leucine and tyrosine. Poly-l-lysine was deaminated for 30 min- 
utes at 0° and hydrolyzed in constant boiling HCl at 110° for 
18 hours. In addition to lysine, approximately equal amounts 
of Xi and X: were found on amino acid analysis. X, was de- 
stroyed by treating the hydrolysate with 6 n NaOH at 95° for 
15 hours. Shields et al. (14) found two components in similar 
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Taste II 
Amino acid composition of deaminated RNase* 


Antigenic Structure of Ribonuclease. II 


| Number of amino acid residues found per molecule 


Arm In present studies 
(13) 

RNase | RNase A | RNase B| Peak I | Peak II 
. 10 10.2 9.9 8.3 8.9 
Histidine............. 4 3.7 3.7 4.1 3.6 
Ammonia............. 17 17.6 17.1 21.8 18.8 
Arginine.............. 4 4.0 t 4.2 3.9 
Aspartic acid......... 15 15.1 14.8 15.6 15.0 

6 10 10.3 10.1 10.2 9.8 

F 15 14.5 14.7 15.3 15.0 
Glutamic acid 12 11.9 11.9 12.2 12.0 
r 4 4.1 4.3 4.2 4.1 
3 0 0 0 0.3 0 
. 3 3.1 3.3 3.6 3.5 
eee 12 12.1 12.2 11.8 12.0 
Half-cystine.......... 8 6.9 6.9 6.5 6.2 
9/ 78 8.0 7.87.2 
Methionine 141.1 4.2 4.0 3.9 
Isoleu eine 3 1.3 1.3 1.3 1.3 
D 2 2.0 2.0 2.1 2.1 
Z 0 0 0 0.2 0 
. 6 5.6 5.5 5.6 5.5 
Phenylalanine......... 3 2.7 3.2 2.5 2.7 


* The amino acids were calculated on the assumption that the 
average of the alanine and glutamic acid was 12 residues. Re- 
coveries of these residues on a nitrogen basis were 90% for RNase 
A, 94% for RNase B, 90% for Peak I, and 97% for Peak II. Hy- 
drolysis at 105° (instead of 110°) for 16 hours was not as complete 
as was desirable. For example, only 1.3 of the 3.0 isoleucine 
residues were liberated. 

t Not determined. 
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Fic. 2. Chromatography of trypsin digests of performate-oxi- 
dized RNase and Da-RNase —— to the procedure of Hirs. 
Peptide OT 6 and the ammonia peak did not resolve well in the 
RNase peptides chromatography. After alkaline hydrolysis, 
similar amounts of OT 6 were found in both preparations. 


locations after hydrolysis of deaminated papain. Although Peak 
I gave fractional amounts of X: and Xi on amino acid analysis, 
Peak II gave neither. This chemical evidence indicates that 
deamination has affected the NH:-terminal lysine. Probably 
one additional lysine is deaminated in Da-RNase Peak I. 
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Analysis of the peptides from a trypsin digest of performate. 
oxidized RNase was done to help decide whether the deamina- 
tion of the e- amino groups of lysine was specific or random. 
Trypsin ordinarily hydrolyzes all the arginyl bonds and 8 of the 
10 lysyl bonds of performate-oxidized RNase; the bond next to 
the NH;-terminal lysine and a lysyl bond in peptide OT 9 are 
resistant (15). If a particular lysine is deaminated, trypsin 
should not cleave that bond, two peptides from the digestion 
should disappear, and a new larger peptide should be found. 
Two samples of Da-RNase and one sample from each of the 
chromatographed pools from Da-RNase were oxidized with per- 
formic acid, digested with trypsin, and chromatographed on 
Dowex 50 X 2 according to the method of Hirs et al. (15). One 
additional sample of Da-RNase was treated as above but chro- 
matographed by a modified procedure with pyridine acetate as 
an eluant. RNase was carried through these steps and was 
chromatographed simultaneously with or just after the analyses 
of the derivatives. All the peptides recovered from the RNase 
digest were also found in the chromatograms of digests of Da- 
RNase and Da-RNase Peaks I and II except OT 10, which con- 
tains the NH;-terminal lysine (Fig. 2). Since ninhydrin deter- 
minations were done on hydrolyzed and unhydrolyzed aliquots, 
peptide OT 10 should not have escaped detection because it was 
deficient in amino groups. Most of the peptides were analyzed 
either qualitatively or quantitatively for their amino acid compo- 
sition and in all cases the composition was in agreement with 
that found by Hirs et al., although most of the peptides were less 


pure. 

Since peptide OT 10 or its expected derivatives were not re- 
covered from the deaminated products upon resin chromatog- 
raphy, high voltage paper electrophoresis and paper chromatog- 
raphy were tried. Papers were run with Da-RNase Peaks I and 
II and with RNase A. Each was stained lightly with ninhydrin. 
The spots were eluted with constant boiling HCl, hydrolyzed, 
and analyzed in the amino acid analyzer. In all cases the com- 
position was in agreement with that expected. The mole ratio 
of amino acids fell within +10% of theory with but few exceptions. 
Only traces of contaminants were found, in most cases amount- 
ing to less than one-tenth the concentration of the expected 
amino acids. The yield of each peptide was calculated from the 
average of the recoveries of the constituent amino acids after 
correction for the number of residues of a given amino acid in 
the peptide (Table ITI). 

Peptide OT 10 was absent in the deaminated material and two 
new peaks, OT 10’ and OT 10%, were found which had the com- 
position of OT 10 except that only one lysine was present (Fig. 
3). Components X; and X: were found only in the residue near 
the origin from Da-RNase Peak I. This material contained 
some cysteine, suggesting that the oxidation with performic acid 
was incomplete. 

Although nitration during the course of deamination has been 
reported, no spectrophotometric evidence of nitration was found 
when a 2% solution of Da-RNase was examined from 320 to 
510 mu with emphasis on the region near 410 my. However, 
some preparations had a slight pink color which could be seen 
best by comparing several centimeters of 2% solution with 
similar amount of RNase solution. Although the tyrosyl resi- 
dues are the most likely site of nitration, the tyrosine contents 
of RNase Peaks I and II are similar, suggesting that appreciable 
nitration did not occur. 

Analysis for ammonia by the amino acid analyzer gave 19.5 


3432 Dee 
mol 
—— — — 
RN 
of 
be d 
II, 
in L 
I 
dow 
The 
was 
prec 
and 
at ec 
antis 
with 
first 
Da- 
with 
poin 
antis 
Tc 
ity 0 
solul 
| | e 
4 or u 
. 22 ® OT 13 16 
oS 
0 
ode, 
RNASE 
ore or 
||| 
87 ** oria or 
t 


Y 
S 


— 
8 


Nase 


LI 5 


8 


214 


& &. 


December 1960 


moles per mole of protein for Da-RNase Peak I and 18.2 moles 
per mole for Da-RNase Peak II. This ammonia probably arises 
from the amide groups. Since our analyses did not distinguish 
RNase A and B, which may differ by one amide group (16), and 
since the amount of ammonia found in the amino acid analysis 
of Peaks I and II was higher than expected, no conclusions can 
be drawn regarding their content of amide N. 

Thus, deamination of the a- and e- amino groups of the NH; 
terminal lysine is the only alteration found in Da-RNase Peak 
II, although it is probable that an additional lysine is deaminated 
in Da-RNase Peak I. 

Immunological Reactivity 

In precipitin experiments, Peak I of the Da-RNase brought 
down about 50 ug less N than RNase from 0.5 ml of antiserum. 
The loss of antigenic activity expressed on a percentage basis 
was greater with first course antisera than with second or third 
course antisera (Fig. 4). Aliquots from the supernatants of the 
precipitin reaction mixtures were tested with Da-RNase, RNase, 
and the antibody used in the experiment. Solutions from points 
at equivalence ( | ) precipitated with neither antigen nor antibody ; 
those from points in antibody excess gave precipitates with either 
antigen; and those from points in antigen excess gave precipitates 
with antibody. One other first course antiserum, one second 
course antiserum, and one pool of three first course antisera gave 
results similar to those above. In a few experiments with other 
first course antisera, supernatants from specific precipitates with 
Da-RNase at equivalence were found that reacted very slightly 
with native RNase but not with antibody or Da-RNase. 

The mole ratio of antibody to RNase calculated from the 
points in antibody excess and at equivalence averaged 1.68 for 
antisera after one course of immunization, 2.46 after a second 
course, and 2.74 after a third course. 

To evaluate the possibility that the differences in precipitabil- 
ity of antibody by RNase and Da-RNase were due to greater 
solubility of the Da-RNase-anti-RNase complex, the superna. 


Taste III 
Recoveries of peptides from RNase and Da-RNase by paper 


electrophoresis and chromatography 

Calculated amount applied to paper 
Peptide Da-RNase 

RNase 

Peak I Peak II 

% % % 
OT 2 -_* — — 
OT 4 — — 40 
OT 5 22 22 22 
OT 6 — 21 19 
OT 7 16 6 20 
OT 8 23 19 30 
OT 9 — — — 
OT 10 23 187 297 
OT 11 20 26 32 
OT 12 20 15 26 
OT 14 39 17 21 
OT 15 29 26 24 
OT 16 — 21 21 

* Not determined. 


t Sum of peptides 10’ and 10”. 
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Fd. 4. Precipitin studies with RNase (QO, O, and A) and Da- 
RNase Peak 1 O, and A). The serum was obtained after one 
(A and A), two (O and ), or three (O and ) courses of im- 


The equivalence point is indicated by the arrow. 


tants of precipitin points in antibody excess and equivalence 
were analyzed for enzymic activity. Since antibody inhibits the 
activity of RNase on RNA, any antibody existing as soluble 
complexes was denatured by preincubation of the supernatant 
at 64° for 40 minutes and by carrying out the assay for 1 hour 
at 64°. Supernatants of RNase-anti-RNase yielded 4 to 5% 
of the added antigen, whereas in Da-RNase-anti-RNase super- 
natants, 6 to 18% of the added antigen was found. The re- 
covered Da-RNase increased when equivalence was approached, 
as would be expected from the precipitin data (Fig. 4). 

The specific precipitates were also analyzed in this manner. 
When the RNase recovered in the precipitate was added to that 
in the supernatant solution, the recoveries were erratic, ranging 
from 92 to 153%. Antibody protecting the RNase from heat 
denaturation may be responsible for the high recoveries. It was 
difficult to design appropriate controls. 

Simultaneous diffusion of antibody, RNase, and Da-RNase 
from separate wells arranged on an agar plate in a triangular 
pattern by the procedure of Ouchterlony (17) gave single bands of 
precipitation in each case that eventually joined, and, in many 
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Fic. 3. Peptide pattern obtained after electrophoresis and 
chromatography of trypsin digests of performate-oxidised RNase | 
and Da-RNase Peaks I and II. OT 10’ and OT 107 were found 
only in preparations from Da-RNase Peaks I and II. No OT 10 : 
was present in these preparations. Preparations from RNase : 
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AV ANTIGEN N 
Fia. 5. C’-fixation studies with RNase (A) and Da-RNase 


Peaks I (A) and II () and first course antiserum. The amount 
of C’ fixed is plotted against the antigen N. 
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C’ Hso FIXED 


ANTIGENN 
Fic. 6. C’-fixation studies with RNase (©) and Da-RNase 


Peaks I (@) and II (X) and second course antiserum. The 
amount of C’ fixed is plotted against the antigen N. 
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Fic. 7. Effect of substrate concentration and ionic strength on 
the activity (vertical azis) of RNase and Da-RNase Peaks I and II. 
Assays were done at pH 4.97 + 0.02 and 25° + 1° in acetate buffer 
of T/2 = 0.042. The additional T/2 was added as sodium chloride 
and the contribution of the substrate to the T/2 was ignored. 
The different symbols are to enhance the 3-dimensional effect and 
have no other significance. Each point represents the average of 
data from the three preparations had similar activity within 
experimental error. 
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experiments, gave a small spur at the junction toward the de- 

C’-fixation assays of Da-RNase Peak I and RNase were con- 
sistent with the precipitin data (Figs. 5 and 6). There was little 
difference between the reactivity of Peaks I and II. The data 
with the third course antiserum are similar to those with the 
second course serum. Four other first course sera and one other 
second course serum gave similar results, that is, first course 
sera were less reactive with Da-RNase than later course sera. 


Enzyme Activity 


Da-RNase or Da-RNase Peak I or II is about 50% more 
active than native RNase or RNase A by the assay procedure 
of Anfinsen et al. (18). The activity of Da-RNase compared to 
that of native RNase as a function of the duration of deamina- 
tion is as follows: 1 minute, 124%; 3 minutes, 148%; 5 minutes, 
129%; 10 minutes, 151%; 1 hour, 147%; 3 hours, 84%; and 19 
hours, <1%. Unfortunately, the change in optical density 
with time is not linear throughout the 25-minute incubation 
period used in the Anfinsen assay. Accordingly, the procedure 
was modified by withdrawing aliquots at shorter intervals (19). 
In 0.05 M acetate buffer, Da-RNase Peak I was 65% more active 
and Da-RNase Peak II was 34% more active than native RNase, 
but when sodium chloride was added in concentrations between 
0.05 and 0.40 u, Peak I, Peak II, and native RNase had similar 
activities. 

RNase activity on yeast RNA was also assayed kinetically by 
determining the RNA fragments (by P analysis) which were 
soluble in trichloroacetic acid containing uranyl acetate. The 
amount of phosphate increased linearly with time during the 
first 2 to 5 minutes but dropped off gradually during the next 
15 minutes. The rate of formation of phosphate was propor- 
tional to the enzyme concentration. Da-RNase Peaks I and 
II and RNase all had the same activity at pH 7.6 to 7.7 in the 
presence or absence of chloride. At pH 4.85 + 0.06, the activity 
of the deaminated fractions was maximal in the absence of added 
sodium chloride. Da-RNase Peak I was 204% more active and 
Da-RNase Peak II 160% more active than RNase. All rates 
were proportional to the amount of enzyme present. 

Activity was also measured by observing the rate of decrease 
in optical density at 305 mu. The differences were less than 
those found by the other procedures, but again were observed 
only when the reaction mixture was both acid to the optimal 
pH and chloride-free. 

2’ ,3’-Cyclic cytidine phosphate was also used as a substrate 
since RNA is not homogeneous and since the portion of the en- 
zyme involved in hydrolysis of a 3’—5’ phosphate bond between 
adjacent mononucleotides might differ from the part concerned 
with hydrolysis of an intramolecular 2’—3’ bond. The assay 
followed the general method of Richards (20) with slight modi- 
fications. RNase and the deaminated fractions had similar ac- 
tivity and substrate and ionic strength maxima at pH 4.97 (Fig. 
7), at pH 7.0, and at pH 9.1. Thus, differences between Da- 
RNase and RNase appeared when RNA was used as substrate 


but not when 2’ ,3’-cyclic cytidine phosphate was used. 
DISCUSSION 

Deamination of the NH;-terminal lysine yielded an antigen 

(Da-RNase Peak II) which precipitated less than half of the 

first course antibodies reactive to native RNase. It has bees 
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shown that RNase possesses a small number of determinant 
groups (two or three) reactive with its antibody (3) and it was 
expected that a change in any one of these groups would result 
in a decrease in immunological reactivity. If ovalbumin or 
serum albumin, with a minimal number of their determinant 
groups being 5 and 6, respectively, had been used, a slight change 
in one determinant group might not have been detected immuno- 
logically. A more serious problem with large proteins would 
have been the difficulty in locating the precise site at which the 
chemical modification had occurred. These results demonstrate 
the usefulness of a small molecule whose amino acid sequence 
is known in any attempt to correlate antigenic activity with 
protein structure. 

Marrack (21) suggests that immunological specificity of natural 
proteins resides in the arrangement of amino acids on the surface 
of the molecule. A number of these amino acids on the surface 
would constitute a particular determinant group. All amino 
acids within a determinant group might not bind to antibody. 
Some amino acids may serve only to fix the 3-dimensional posi- 
tion of those amino acids which are sites of union. 

On the basis of this hypothesis, the role of the a-amino group 
of the NH: terminal lysine is that of active union with antibody 
receptor site. The nature of this binding remains unknown. 
Another explanation might be that deamination caused some 
unfolding in RNase, which may be localized in the area of the 
determinant group, and which may not have been detected by 
diffusion or sedimentation measurements. Studies with guanidi- 
nated and acetylated RNase, to be published, also suggest that 
an intact NH- terminal lysine is necessary for complete reaction 
with antibody. 

This explanation for the role of the a- amino group of the NH- 
terminal lysine does not limit the number of antibody-bound 
groups in its determinant group. If the NH- terminal amino 
acid were the only antibody-bound amino acid in the determinant 
group, antigenic specificity would be lost. The precipitin data 
indicate that the whole determinant group is not completely 
destroyed. If one determinant group were destroyed, the mole 
ratio of antibody to antigen should change at all points along 
the precipitin curve. If a determinant group were partially de- 
stroyed, the observed data might be due (a) to heterogeneity of 
antibody to that site, either in affinity for the identifiable points 
making up that determinant group or in attaching to certain 
different points that are concerned with that site; or (b) to weak- 
ening of the forces holding homogeneous antibody to that site. 
The data allow no decision between these alternatives. 

Data on the two deaminated products obtained from Da- 
RNase suggest that Da-RNase Peak II is a precursor of Peak 
I. The higher lysine content of Peak II, its conversion to Peak 
I on redeamination, and the increase in ratio of Peak II to Peak 
I at a shorter time, are all consistent with deamination of Peak 
II solely on the NH,-terminal lysine and Peak I as a mixture of 
products with one additional residue of lysine deaminated. 
Analysis of the trypsin peptides from performate-oxidized RNase 
gave a vigorous test of preferential deamination of one residue 
as opposed to random deamination, although the difficulties in 
obtaining pure peptides in analytical yields still limit the use- 
fulness of this type of procedure for some applications. 

The finding of two peptides from the NH, terminus of each 
deaminated derivative casts some doubt on the homogeneity of 
Da-RNase Peaks I and II. It is noteworthy that deamination 
of the e· amino groups of poly-l-lysine yields two products. Per- 
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haps two derivatives of lysine deaminated in the a and e posi- 
tions also exist. Formation of a lactone with a 7-membered 
ring might occur. 

Inasmuch as the catalytic activity of RNase appears to require 
more than a single point of the enzyme, it seems likely that other 
modifications will be found in which the activity of the enzyme 
is altered rather than destroyed and that careful study of these 
modified substances over a wide range of conditions may aid in 
defining the catalytic site in chemical terms. The present ob- 
servations may be due to some change not connected with the 
catalytic center, although it is unlikely that the over-all charge 
of the molecule is the cause since RNase B and a RNase of more 
acid isoelectric point? are no more active than RNase A. Vit- 
hayathil and Richards (22) found little change in enzyme reac- 
tivity at pH 5 when their deaminated subtilisin peptide was 
added to the protein fragment. This result is consistent with 
our observations on the intact protein since their experiments 
were done at a sodium chloride concentration of 0.1 u where the 
activity of Da-RNase and RNase A is indistinguishable. 

Side reactions during protein modification are always possible, 
although nitration, which is commonly seen during deamination, 
was not found in these preparations. Use of other chemical 
methods to achieve the modification and to check the conclusions 
helps rule out side reactions and unfolding as causes of lost reac- 
tivity. 

SUMMARY 

Deamination of bovine pancreatic ribonuclease yielded two 
derivatives, one with a deaminated NH--terminal lysine residue, 
and the other with an additional deaminated lysine. Both deriv- 
atives react only partially with rabbit antibody to ribonuclease. 
The enzyme activity of the derivatives toward yeast ribonucleic 
acid at pH 5.0 is increased at low ionic strengths but is identical 
with that of ribonuclease at either higher ionic strengths, more 
alkaline pH values, or both, and toward 2’,3’-cyclic cytidine 
phosphate. 
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Many investigators (1-6) have reported that crude extracts 
from a large number of plant sources are capable of catalyzing 
the depolymerization of ribonucleic acid. Only those plant ri- 
bonucleases obtained from pea leaves (7, 8), tobacco leaves (9), 
and ryegrass (10) have been extensively purified, and none has 
been prepared as an entirely pure protein. It was a major 
objective of the work described in the present communication to 
obtain a ribonuclease from a higher plant in the form of a pure 
protein in order to compare its properties and structure with 
pancreatic ribonuclease. Although we were unable to attain 
this goal, we were able to prepare from spinach a 2500-fold 
purified ribonuclease, a degree of purification not achieved by 
others who have worked with plant ribonucleases. Furthermore, 
a simple and reproducible purification procedure was devised, 
with the use of Amberlite XE-64 ion exchange resin and DEAE- 
cellulose (Brown Paper Company) column chromatography. 
The spinach enzyme was found to have certain hydrolytic prop- 
erties similar to other plant ribonucleases (11, 12, 13), as it 
cleaved ribonucleic acid completely to mononucleoside 27, 3“ 
cyclic phosphates, which were further cleaved to 3’-mononucleo- 
tides. It was found that the highly purified spinach ribonuclease 
was able to hydrolyze both purine and pyrimidine cyclic mono- 
nucleotides. In contrast, the cruder preparations of tobacco 
and pea leaf ribonucleases cleave only the mononucleoside cyclic 
phosphates of the purines, but not those of the pyrimidines. It 
was further of interest to note that the four plant ribonucleases 
which have been purified all produce guanosine 2’ ,3’-cyclic phos- 
phate from ribonucleic acid as the first detectable hydrolysis 
product, and all have a pH optimum which lies in the range of 
4.5 to 6.0. 

Currently, the spinach enzyme is being used by other workers 
at the National Institutes of Health to degrade certain ribonu- 
cleic acids which are known to be highly resistant to hydrolysis by 
other phosphodiesterases, and it may therefore prove to be a 
useful analytical tool. 


EXPERIMENTAL PROCEDURE 


Assay—The usual method employed was essentially that of 
Anfinsen et al. (14). The RNA used was prepared by the method 
of Crestfield et al. (15). One milliliter of 0.4% RNA in 0.1 u 
acetate buffer (pH 5.0), enzyme, and acetate buffer, to a total 
volume of 2.5 ml, were incubated in a 12-ml centrifuge tube at 


* Present address, National Institute of Arthritis and Meta- 
bolic Diseases, National Institutes of Health, United States Public 
Health Service, Bethesda, Maryland. The author was supported 
by a National Institutes of Health-United States Public Health 
Service Postdoctoral Research Fellowship. 

L. Heppel, private communication. 


24° for 25 minutes. Uranyl acetate, 0.5 ml, 0.75% in 25% 
HClQ,, was added to stop the reaction, and the tubes were 
centrifuged for 4 minutes. A 0.1 ml aliquot of the supernatant 
was diluted to 3.1 ml and the optical density determined at 260 
my (I-em silica cells). Corrections were made for appropriate 
blanks containing no enzyme, or, in the case of highly colored 
crude enzyme preparations, zero time blanks containing enzyme. 
The amount of spinach RNase required to cause an increase in 
optical density (AE,) of 0.010 was defined as one unit of activ- 
ity. 

Estimation of Puri ſicution— As an indication of enzyme puri- 
fication, the ratio of units of activity per milliliter to optical 
density at 280 my (Case) was chosen. For the fractions obtained 
from Steps 2 to 4 below, the method of Warburg and Christian 
(16) was used to estimate the protein content. The ratio of 
Ex to E in the highly purified fractions approached but did 
not exceed 1.2, indicating the presence of contaminating material 
absorbing at 260 my. 

Identification of Products of Action Descending paper chroma- 
tography of enzymatic digests of RNA and other substrates was 
employed: Solvent 1, isopropanol-H,O (70:30 volume for vol- 
ume), with NH; in the vapor phase (17); Solvent 2, saturated 
ammonium sulfate-isopropanol-1 M sodium acetate (80:2:18, 
volume for volume for volume) (18). For qualitative identifi- 
cation of the mononucleotides produced, one-dimensional chro- 
matograms of digests were run in Solvent 1 and the locations of 
the mononucleotides visualized with an ultraviolet lamp. The 
digestion products were eluted from the chromatograms with 
water and rechromatographed against suitable reference com- 
pounds in both solvents. In appropriate instances, nucleoside 
2’ ,3’-cyclic phosphates were treated with 0.1 n HCl at room 
temperature in order to convert them to nucleoside 2’- and 3“ 


were also employed for identification purposes.? These methods 
for the identification of the products of ribonuclease action have 
been employed by many workers. Recent complete descriptions 
of methods used and literature references can be found in the 
papers of Shuster, Khorana, and Heppel (11) and Reddi (12). 
Identifications of the products of RNA digests were confirmed 
by ultraviolet spectral analysis. 
Isolation of Enzyme 


Step 1: Preparation of Homogenate—All operations were per- 
formed in a cold room at 4°, unless otherwise indicated. Fresh 


* These phosphatases were kindly supplied by Dr. Leon A. 
Heppel. 
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TABLE I 
Data of purification procedure for spinach leaf RNase 
Step Fraction Volume | RNase Em Uniis/ml/ | Total units | | Total, 
mi 
1 I. Initial homogenate 10, 600 34 28.5 1.2 360,000 0.63 
2 II. Combined eluate from Amberlite XE-64 resin 1,800 115 6.9 17 107 ,000 1.12 11,100 
3 | III. Saturated (NH.) S0. precipitate 360 500 5.7 88 180 ,000 1.33 2,050 
4 IV. Combined peak tubes from DEAE-cellulose 270 275 0.086 | 3,200 74,000 0.66 
4 V. Peak tubes, after dialysis 310 250 0.085 | 2,950 77,500 1.15 24.0 


spinach leaves, 10 kg, were washed with tap water, put through 
a coarse meat grinder, and frozen in a dry ice chest. After 
thawing, refreezing, and rethawing, the material was homoge- 
nized for 2 minutes in the cold room in a 1-gallon stainless steel 
Waring Blendor (model CB-2, speed setting, 3) in five equal 
batches with a total volume of 5 liters of 0.1 M potassium phos- 
phate buffer, pH 5.7. The homogenate was stirred for 2 hours 
at 4°. The insoluble material was centrifuged off (International 
centrifuge, model SR-3, 2500 r.p.m., 20 minutes) and discarded. 
The supernatant was adjusted to pH 5.1 (cold) with n HCl and 
allowed to stand overnight. The green precipitate which formed 
on standing was removed by centrifugation, as above, and dis- 
carded. The turbid supernatant was filtered under suction with 
the aid of Hyflo Super Cel. The clear brown filtrate (Fraction 
I, Table I), volume 10.6 liters, was then readjusted to pH 5.1 
when necessary. 

Step 2: Adsorption on, and Elution from, Amberlite XE-64 
Resin—aA large column of Amberlite XE-64 ion exchange resin, 
10 X 20 cm, prepared by the method of Hirs (20), was equili- 
brated to pH 5.1 with 0.1 M potassium phosphate buffer. The 
filtrate from Step 1 was allowed to flow through the column at a 
rate of 20 ml per minute. The column was subsequently washed 
extensively with the pH 5.1 buffer until the Exo of the effluent 
was less than 0.100. The eluate resulting from the initial charge 
and from the washings, which contained little RNase activity, 
was discarded. The enzyme was eluted with m potassium phos- 
phate buffer, pH 6.0, and collected in 100-ml fractions. Those 
containing the bulk of the activity were pooled (Fraction II). 

Step 3: Fractionation with Ammonium Sulfate—To each liter 
of the combined active eluate, 144 g of (NH) SO. were added. 
The precipitate which formed was collected by centrifugation 
and discarded. The enzyme was precipitated by the addition of 
370 g of (NH) S0, per liter of supernatant solution. The solu- 
tion was stirred for 1 hour and then centrifuged (20,000 x g, 
10 minutes). The precipitate was suspended in water (250 ml) 
and dialyzed for 24 hours against several changes of distilled 
water. The insoluble precipitate which formed during dialysis 
was removed by centrifugation and discarded. The superna- 
tant (Fraction III) was lyophilized, yielding about 1.8 g of a 
light tan powder. 

Step 4: Chromatography on DEAE-cellulose—The lyophilized 
powder was dissolved in a minimal volume of water (about 30 
ml) and dialyzed, with stirring, for 1 hour against 200 ml of 0.01 
m sodium phosphate buffer, pH 7.0. The solution was allowed 
to pass through a DEAE-cellulose column, 5 X 20 cm, equili- 
brated to pH 7.0 with the 0.01 m buffer. After the initial charge 
and a brief wash with 0.01 u buffer, the column was washed with 
0.04 m sodium phosphate buffer, pH 7.0, until the Exo of the 
effluent was less than 0.050. With a fraction collector, the en- 


zyme was eluted by the gradient technique, with a mixing cham- 
ber volume of 500 ml of 0.04 M buffer into which flowed 0.1 M 
sodium phosphate buffer, pH 7.0. The enzyme was eluted ina 
sharp peak at approximately 0.07 u. The most active fractions 
(5 ml each) were pooled (Fraction IV), dialyzed (Fraction V), 
and lyophilized. 

Remarks—Attempts to purify the enzyme from acetone pow- 
ders or sulfuric acid extracts were completely unsuccessful. 
Extractions of the enzyme with citrate or acetate buffers were 
unsatisfactory. Direct extraction of the enzyme from fresh 
leaves without freezing and thawing was accompanied with much 
foaming and considerably lower yields. Fractionation of the 
crude homogenate with ammonium sulfate before Am berlite 
XE-64 adsorption was less convenient and poorly reproducible. 
It was found necessary to perform all operations within the pH 
limits 5 to 8 to reduce losses. The initial pH of the Amberlite 
XE-64 column is critical, and must be between 5.0 and 5.1. 
Above pH 5.1, the enzyme was poorly retained. Below pH 5.0, 
yields and specific activities were lower. The Amberlite XE-64 
and DEAE-cellulose columns were equilibrated by passing the 
equilibrating buffers through them until the pH of the effluent 
was equal to that of the influent buffer. All pH measurements 
were made with the Beckman pH meter, glass electrode, at room 
temperature. We have frequently, although not always, encoun- 
tered large losses of activity during prolonged dialysis, although 
no activity was detected outside of the dialysis sacs. Satisfac- 
tory purifications of the enzyme were accomplished at different 
times during the year, although no systematic study of the 
seasonal variation in the content of RNase in spinach leaves was 
made. 


RESULTS 

Purification—The results of a typical purification of spinach 
RNase are summarized in Table I. The data are given for 10 
kg of fresh spinach leaves. In several experiments, when the pH 
of the Amberlite XE-64 was poorly controlled, the yields of en- 
zyme in Step 2 were considerably lower. 

Fig. 1 is a representative DEAE-cellulose chromatogram. Al- 
though a single, sharp, enzymatically active peak was always 
obtained, there was no corresponding peak absorbing at 280 my, 
nor one of ninhydrin-positive material. Therefore, the enzyme 
was undoubtedly still impure. We were unable to obtain more 
highly purified fractions by further chromatography without 
large losses in activity. From Table I, it is apparent that pas- 
sage through DEAE-cellulose reduced the observed ratio of E 
to Exo. In several experiments, this ratio was found to vary 
between 0.6 and 1.0 for the pooled enzymatically active fractions 
(before dialysis). The ratio could be further increased by dialy- 


sis or by passage through a column of Sephadex G-50 (Pharmacia, 
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Fic. 1. Chromatography of spinach RNase on DEAE-cellulose. 
Column, I X 20 em, 0.01 M sodium phosphate buffer, pH 7.0. Frac- 
tions, 4.5 ml. Flow rate, 10 ml per hour under a 30-cm hydrostatic 
head. Enzyme applied to column, 11,000 units in 7.6 ml buffer, 
Exo = 28.0, E to Exo = 1.25. Recovered in pooled tubes 70 to 79, 
(after passage through Sephadex G-50), volume 55 ml, 1320 units, 
Exo = 0.012, F. to E: = 1.0. Enso, solid line; activity in units 
per milliliter, dashed line. A, start elution with 0.01 u buffer; B, 
start elution with 0.04 m buffer; C, start elution with gradient to 
0.1 u buffer. Abscissa, tube number; ordinates, Exo values of 
effluent or units per milliliter. See text for details. 
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pl ENZYME 
Fic. 2. Plot of enzyme concentration against increase in opti- 
cal density at 260 my (AE: o) observed in standard assay. Spinach 
enzyme solution prepared from DEAE-cellulose column eluate. 
O, spinach RNase; (E280 — 0.116, E24⁰ = 1.0). @---@, crys- 
talline pancreatic RNase, (40 wg per ml, Exo = 0.024, E2s0/E200 = 
1.5). All determinations in duplicate. 


Uppsala, Sweden) (21), but usually with a concomitant loss in 
activity. The specific activity, units per milliliter per E20, of 
the best preparations varied between 2000 and 4000, and the 
Ex to Exo ratios of the dialyzed samples between 1.0 and 1.2. 

Preparation of Standard Curve—An investigation of the de- 
pendence of AE 20 on enzyme concentration yielded the results 
presented in Fig. 2. For the estimation of total activity in the 
various fractions obtained during purification, aliquots were 
chosen to give observed AE: values within the linear portion of 
the curve. For comparison purposes, a standard curve for 
crystalline pancreatic RNase (Armour) under the conditions of 
the standard assay is included. The observed difference in max- 
imal AF 29 values obtained is due to incomplete hydrolysis of the 
RNA substrate by pancreatic RNase and the resultant formation 
of acid-insoluble core.“ 

Optimal pH—The activity of purified enzyme preparations 
reaches a maximum in 0.1 M buffers at pH 5.0 to 6.0 (Fig. 3). 
We have consistently observed the double hump in the pH-opti- 
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mum curve. It is possible that this indicates the presence of 
two RNases differing slightly in pH optima. In 0.1 M citrate or 
citrate-phosphate buffers at pH values between 3.5 and 6.5, the 
enzyme exhibited slightly higher activities than in acetate or 
phosphate buffers, and the humps were exaggerated. No RNase 
activity at alkaline pH values was observed, either in crude or 
purified preparations. 

Activators and Inhibitors—The activity of purified enzyme 

preparations was not affected by the addition of p-chloromercuri- 
benzoate (0.01 m) nor by mercaptoethanol (0.01 mu), Mg** (0.001 
m), Ca“ (0.001 ), or Versene (ethylenediaminetetraacetate) 
(0.01 M). 

Stability—The stability of spinach RNase was determined at 
various temperatures at several pH values (Fig. 4). The enzyme 
appeared to be fairly heat-stable, comparable to other plant 
RNases, although less stable than pancreatic RNase. Solutions 
of the purified enzyme are unstable over a period of a week at 
refrigerator temperatures, although frozen or lyophilized crude 
or purified preparations retain their activity for at least 1 year. 


Specificit 

Action of Enzyme on RN A—Paper chromatographic analysis 
showed that incubation of spinach RNase with yeast RNA (15) 
yielded primarily nucleoside 2’ ,3’-cyclic phosphates. Guanosine 
2’ ,3’-cyclic phosphate was the first mononucleotide to appear, 


©QIMSODIUM PHOSPHATE = 
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30 35 40 45 30 55 60 65 70 75 
pH 
Fic. 3. pH optimum of spinach RNase. Incubation mixture: 


260 units of DEAE-cellulose purified enzyme in 0.1 ml of H-. O, 0.5 
ml of 0.8% RNA, 2.0 ml of buffer, 25°, 25 minutes. 
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Fia. 4. Stability of spinach RNase. Purified samples of the en- 
zyme, 25 ul (3000 units per ml) and buffer (0.5 ml), were incubated 
10 minutes in a water bath at the appropriate temperatures. The 
incubation tubes were rapidly cooled in an ice bath, and 200 ul 
samples were assayed by the standard method. Q, 0.1 M citrate- 

te buffer, pH 5.75; @- - -@, 0.1 M acetate buffer, pH 4.6; 

O, 0.1 M sodium te buffer, pH 7.9; @, 0.1 « sodium phos- 

phate buffer, pH 6.9. At each temperature, duplicate determina- 
tions agreed closely. 
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Spinach Ribonuclease 


Vol. 235, No. 12 


II 
Products of action of spinach RNase on various substrates 


Incubation mixture, 1 mg of polymers, 0.04 ml of 0.5 M acetate buffer (pH 5.2), 2 units of enzyme, and water to 0.2 ml, 37°. 


For 


di-, tri-, and tetranucleotides, same conditions except that the total volume was 0.1 ml and quantities of nucleotides containing 0.25 


to 0.4 wmole of adenosine were used. 
— 
Substrate — 
15 minutes 60 minutes 
pApA Nr pA-cyclie-p; adenosine 
pApApA A-cyclic-p; I,.“ no N Adenosine; 3’-AMP; A-cyclic-p; I(pA-cyclic-p?) 
pApApApA A-cyclic-p; I(traces); trace of adenosine; no N A-cyclic-p; traces of adenosine, 3’-AMP and I 
ApAp 3’-AMP;; trace of A-cyclic-p; no N 3’-AMP* 
ApApAp 3’-AMP; A-cyclic-p; no N 3’-AMP* 
Polyadenylic acid | N; A-cyclic-p N; A-cyclic-p; 3’-AMP¢ 
Polyuridylie acid | Traces of N, I; U-cyclic-p; 3’-UMP No N; U-cyclic-p; 3’-UMP¢ 
Poly AU I; A-cyclic-p A-cyclic-p; U-cyclic-p; 3’-AMP, trace of I 
Polycytidylic acid | N N; trace of C-cyclic-p 
RNA A-cyclic-p; G-cyclic-p; N A-cyclic-p; G-cyclic-p; 3’-AMP; I 


N, presence of unhydrolyzed material. 

I, presence of unidentified products of digestion. 
At 240 minutes. 

At 110 minutes. 


followed by the 2’,3’-cyclic phosphates of adenosine, uridine, 
and cytidine, respectively. During prolonged incubations, yeast 
RNA was completely hydrolyzed by spinach RNase to cyclic 
mononucleotides and to nucleoside 3’-phosphates. Significant 
quantities of 3’-GMP and 3’-AMP, and smaller quantities of the 
pyrimidine nucleoside 3’-phosphates were observed. 

Action of Enzyme on Other Substrates*—Purified enzyme prep- 
arations were free of phosphomonoesterase activity, since they 
did not remove phosphate from either 3’-AMP or 5’-AMP. 
Furthermore, no mononucleosides were detected on paper chro- 
matograms of enzymatic digests of RNA. The enzyme rapidly 
degraded polyadenylic acid, polyuridylic acid, and poly AU, but 
acted much more slowly on a preparation of polycytidylic acid. 
Again, the primary products of action were the nucleoside 2’ ,3’- 
cyclic phosphates, and, with longer incubations, nucleoside 3’- 
phosphates. The enzymatic activity was also tested with the 
di-, tri-, and tetranucleotides of adenosine as substrates. The 
results are summarized in Table II. Oligonucleotides with either 
5’- or 3’-phosphomonoester end groups, or those with no terminal 

phosphate, were readily hydrolyzed. This is in agreement with 

* We are indebted to Dr. Leon A. Heppel for the substrates 
used in these experiments. 

The abbreviations used in this 
gested by Shuster et al. (11). 


correspond to those sug- 
The nucleoside residues adenosine, 


guanosine, uridine, and cytidine are A, G, U, and C, respectively. 
The letter p'“ written to the left of the symbol for a nucleoside 
indicates a phosphate group — written to the right it indicates 

* 


a phosphate group at C. AU, biosynthetic copolymers of 


adenylic and uridylic acids 


the data obtained with the ryegrass enzyme (11). All of the 
above substrates possessed internucleotide linkages of the 3’-5’ 
type. When the enzyme was tested for activity on a chemically 
synthesized mixture of adenine polyribonucleotides containing 
mixed 2’-5’ and 3’-5’ internucleotide linkages (22), there was no 
evident hydrolysis of the 2’-5’ linkages. 


With respect to many of its properties, the spinach RNase 
described in the present paper appears to be similar to the RNases 
of several other plants. The optimal pH between 5 and 6 for 
the activity of spinach RNase compares with the reported values 
of 5.5 for pea leaf RNase (7), 5.1 for tobacco leaf RNase (9), and 
4.5 for ryegrass RNase (10). Tobacco leaf RNase (9) appears 
to be heat-stable, as is the paicreatic enzyme, whereas ryegrass 
(10) and spinach RNases appear to be intermediate in heat 
stability, and pea leaf RNase (9) is heat-labile. 

In contrast to pancreatic RNase, which gives rise only to 
pyrimidine mononucleoside cyclic ‘phosphates, all of the ribonucle- 
ases obtained from plants in purified form are capable of com- 
pletely hydrolyzing RNA to mononucleoside 2’, 3’-cyclic phos- 
phates. In each case, guanosine 2’,3’-cyclic phosphate is the 
earliest detectable mononucleotide. In addition, spinach and 
ryegrass (11) RNases further catalyze the hydrolysis of purine 
and pyrimidine nucleoside cyclic phosphates to nucleoside 3“ 
phosphates, whereas the RNases of tobacco (12) and pea leaves 
(11, 13) hydrolyze only the purine nucleoside cyclic phosphates. 
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1. A method for the purification of a ribonuclease from fresh 
spinach leaves is presented. 

2. Purification is achieved with Amberlite XE-64 ion exchange 
resin, ammonium sulfate fractionation, and chromatography on 
diethylaminoethyl cellulose. 

3. The enzyme exhibited optimal activity between pH 5 and 
6, similar to other plant ribonucleases. 

4. The enzyme is fairly heat-stable between pH 5 and 7, losing 
about 50% of its activity in 10 minutes at 100°. 

5. The enzyme completely hydrolyzed yeast ribonucleic acid 
to intermediate mononucleoside 2’,3’-cyclic phosphates, and 
finally to 3’-mononucleotides. 

6. Guanosine 2’,3’-cyclic phosphate was produced rapidly, 
followed by the cyclic phosphates of adenosine, uridine, and 
respectively. 

The purified enzyme was free of phosphomonoesterase 

8. Numerous studies of the products of action of spinach ribo- 
nuclease on various oligonucleotides are documented. The 
enzyme hydrolyzed oligonucleotides possessing either 3’- or 5’- 

phomonoester end groups. 
9 enzyme was capable of hydrolyzing internucleotide 
3’-5’ linkages, but not 2’-5’ linkages. 
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In 1925 Collip introduced the first method for the preparation 
of a stable, hormonally active preparation of parathyroid extract 
(2). The initial step in this method consisted of boiling the 
glands in dilute hydrochloric acid. A number of attempts have 
been made to purify further these acid extracts (3-7) but none 
has been completely successful. In a previous report, Rasmussen 
and Westall (6) described a method for the partial purification 
of an acid extract of bovine parathyroid glands by means of 
displacement chromatography. At that time, for sake of refer- 
ence, the hormonally active substance(s) extracted from bovine 
glands by hydrochloric acid was designated parathormone A. 
The purpose of the present report is to describe a method for 
the preparation of highly purified parathyroid polypeptides 
from hydrochloric acid extracts of bovine glands. By means of 
solvent fractionation, ultrafiltration, and countercurrent distri- 
bution, polypeptides have been isolated which have a potency of 
750 to 1250 U.S.P. units per mg of dry weight when assayed for 
their calcium-mobilizing activity in parathyroidectomized rats 
(8). The size of the major active polypeptide obtained from 
these crude acid extracts varies from 3800 to 5600 depending 
upon the initial conditions of the acid extraction procedure. 
Hence a series of polypeptides has been obtained all of which 
have been designated parathormone A. The polypeptides un- 
doubtedly represent hydrolytic products of a larger parathyroid 
polypeptide which exists in bovine glands, is extracted with 
phenol (9, 10) and has a molecular weight of approximately 
9500 (9). 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Frozen bovine parathyroid glands were minced and defatted 
as previously described (6). One of two methods was used for 
the initial extraction. In the first, 150 g of defatted gland 
powder were suspended in 2 liters of 0.2 * HCl and the suspension 
was heated for 10 to 15 minutes to 100° and maintained at this 
temperature for 5 minutes. In the second, 150 g of gland powder 
were added to 2 liters of boiling 0.2 n HCl and extracted for 5 
minutes in the boiling acid. The extracts were filtered hot, the 
residues extracted with 1 liter of 0.2 V HCl at 100° for 1 minute, 
and then filtered. The combined filtrates were cooled to 4° and 
4 volumes of cold acetone were added. The precipitate which 


* Supported in part by a grant (A-1953) from the National Insti- 
tute for Arthritis and Metabolic Diseases, United States Public 
Health Service. A brief account of part of this work was pre- 
sented at a symposium on February 6, 1960 at the Rice Institute 
in Houston, Texas (1). 


formed was removed by centrifugation and discarded. The 
acetone was removed on a rotatory evaporator (bath tempera- 
ture below 30°). The remaining acid solution was ultrafiltered 
at 4° through No. 36/32 Visking dialysis tubing supported by a 
woven silk mesh cloth. The ultrafiltration was carried out by 
the method of Davies and Gordon (11). A reduced pressure of 
20 mm of Hg was maintained upon the outside of the dialysis 


sac. 

To the ultrafiltrate was added sufficient 30% trichloroacetic 
acid to bring the final concentration of trichloroacetic acid to 
5%. The precipitate formed was collected by centrifugation, 
washed once with anhydrous ethyl ether, and taken up in a 
small volume of 0.1 m acetic acid. The acetic acid solution was 
washed once in a separatory funnel with anhydrous ethyl ether, 
and lyophilized (parathyroid acid powder No. 1). The resulting 
powder was light brown in color and was readily soluble in water. 

For the countercurrent distribution studies, a number of 
solvent systems was tried. The system selected was composed 
of a mixture of n-butanol-n-propanol (1:1) as the organic phase, 
and 1.0% sodium chloride-6.0% acetic acid as the aqueous phase. 
The system was mixed with 4 parts of the alcohols to 6 parts of 
acid-salt solution; after equilibration the upper phase volume 
was larger than the lower in approximately a ratio of 6:4. The 
overall partition coefficient of powder No. 1 was 1.1 in this sys- 
tem. 

Initial distribution studies were carried out in an all-glass, 120 
tube, hand-operated distribution machine with 2-ml volumes for 
the lower phase, and 2.6 ml for the upper phase. After the lower 
phase had been placed in the machine, a forerun of approximately 
10 tubes was added. The sample was taken up in 4 ml of each 
phase and added to the first 2 tubes. The material was then 
then carried through 100 transfers. The hormonal activity 
was associated with the material with a distribution coefficient 
of 1.75. 

After the pilot studies, large samples (1.0 g) were carried 
through 1000 or more transfers in the same solvent system in 
the all-glass, fully automatic machine described by Craig and 
King (12). The volume of each phase was 2 ml. At the begin- 
ning of the run the sample was distributed in the first 20 tubes. 
Analysis for protein was carried out by measuring absorption at 
277 mu in a Beckman model DU spectrophotometer. 

After analysis, the contents of the tubes containing a given 
protein peak were pooled and the alcohols removed under vacuum 
in a rotatory evaporator (bath temperature below 30°). The 
remaining acid salt solution was lyophilized. The mixture o 
salt and protein obtained from the lyophilization was taken up 
in 0.1 M acetic acid. Precipitation was brought about by the 
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addition of sufficient 30% trichloroacetic acid to bring the final 
concentration of trichloroacetic acid to 5%. The precipitate 
was washed twice with small volumes of 5% trichloroacetic acid, 
then taken up in 0.1 M acetic acid and the solution washed with 
anhydrous ether. 

Amino acid analyses were performed by the method of Spack- 
man et al. (13). The content of tryptophan was determined 
spectrophotometrically by the method of Goodwin and Morton 
(14). Performie acid oxidation was carried out by the method 
of Schram et al. (15). Dialysis studies were carried out by the 
method of Craig et al. (16) in No. 20/32 Visking dialysis tubing. 
Paper chromatography was carried out at 4° with Whatman 
No. 3 paper by the ascending method. The solvent used was 
the upper phase of the two-phase system composed of n-butanol- 
H.O-acetic acid (70:60:20). 

Partition chromatography was carried out on a 0.9 X 30 em 
column of ethanolized cellulose. The cellulose was suspended 
in the lower phase of the system, butanol-H,O-acetic acid 
(90:60:10), and poured into the column. The column was then 
equilibrated with upper phase. The sample was taken up in 2 
ml of upper phase for addition to the column. Development 
was carried out with the use of the upper phase. The column 
effluent was collected in I- ml fractions, and an aliquot (200 yl) 
from every third tube was analyzed with ninhydrin (17). 

Hormonal assays were performed by the methods of Munson 
(8), and Tepperman et al. (18). 


For the initial distribution a 60-mg sample of powder No. 1 
was carried through 100 transfers. The initial settling time was 
12 minutes but had fallen to 5 minutes after 25 transfers and to 
3 minutes after 50. Biological assays revealed that the bulk of 
the hormonal activity traveled with a distribution coefficient of 
approximately 1.75 but was not separated from other material 
after this small number of transfers. Much better separation 
was achieved by carrying the distribution to 1000 or more trans- 
fers. Powder No. 1 (1000 mg) was distributed in the first 20 
tubes of the train. The initial settling time was 13 minutes but 
fell to 6 minutes after 100 transfers and 3 minutes after 250. 
Distribution (CCD-1)? of the crude material obtained by the 
first method of extraction (mixing crude gland powder with 0.2 
Nn HC! and heating to 100° and maintaining for 5 minutes) gave 
the result shown in Fig. 1. After 1000 transfers the only material 
which had significant biological activity was that distributing 
with K of 1.74. The material distributing with lower coeffi- 
cients was completely inactive. The material with K higher 
than 1.74 did not give a very satisfactory distribution pattern 
but did have some biological activity which was significantly 
less than that from the peak, K = 1.74. Distribution of two 
samples (CCD-2 and CCD-3) obtained from separate extractions 
with the second method (adding crude gland powder to boiling 
0.2 * HCl and maintaining this for 5 minutes) gave the patterns 
shown in Figs. 2 and 3. The findings were similar to the results 
with the first distribution except that the partition coefficient 
of the peak was somewhat less, 1.68 and 1.41 as compared to 
1.74. The actual K of the material from the peak of the three 

J. H. Munktell’s 


Cellulose Powder, LKB-Producter, Stock- 
holm, Sweden. 


? The abbreviations used are: CCD, countercurrent distribu- 
tion; K, distribution coefficient. 
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Fic. 1. Countercurrent distribution of sample 1 (CCD-1) of 
crude parathormone A in 1.0% NaCl-6.0% acetic acid versus n- 
butanol-n-propanol (1:1). The distribution was carried to 1000 
transfers. 


Fic. 2. Countercurrent distribution of sample 2 (CCD-2) of 
crude parat hormone A in 1.0% NaCl-6.0% acetic acid versus n- 


butanol-n-propanol 1:1). The distribution was carried to 1250 


transfers. 
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Fic. 3. Countercurrent distribution of sample 3 (CCD-3) of 
crude parathormone A in 1.0% NaCl-6.0% acetic acid versus n- 
butanol-n-propanol (1:1). The distribution was carried to 1110 
transfers. 
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separate runs was determined by measuring the protein concen- 
tration in both phases across the band. The actual K’s were 
1.34 (CCD-1), 1.27 (CCD-2), and 1.29 (CCD-3). The active 
materials from the three separate distributions were equally 
potent when assayed for their calcium-mobilizing activity. The 
potency varied from 750 to 1250 units per mg. A summary of 
the specific activity and recovery data for the three procedures 
is given in Table I. The preparations were tested for their 
phosphaturic activity (18). They all had a potency of approxi- 
mately 1000 + 200 units per mg of dry weight. 

The material from each of these peaks was chromatographed 
on a column of ethanolized cellulose and all three were eluted as 
a single peak with an N. of 0.45 (Fig. 4) and had biological ac- 
tivity equivalent to that of the material applied to the column. 

When chromatographed on paper the material from CCD-3 
chromatographed as a single spot (Fig. 5) but the material from 
CCD-2 gave 2 spots (Fig. 6). The minor spot represented less 
than 10% of the color yield of the major one. When these spots 
were eluted from the paper with 2.0 M acetic acid and assayed, 


TABLE I 
Biological activity of parathyroid peptides at 
various stages of purification 
Hormonal activity 
Stage of preparation Recovery 
ccD-1 | ccb. | 
U.S. P. units/mg 
HCl extraction 8-10 8-10 8-10 100 
Acetone fractionation 12-15 10-15 10-15 92-96 
Ultrafiltration......... 30-40 35-45 30-45 82-88 
Trichloroacetic acid 
precipitation 75-125 80-140 70-150 70-80 
Countercurrent distri- 
Ng 750-1000 | 900-1250 | 800-1000 | 55-65 
Column chromatog- 
9 750-1000 | 900-1250 | 800-1000 
Paper chromatography . 500-700 
Ninhydin 
color 
800 1 
600 F 
400 F 
— 
200 F 


20 40 60 80 
Tube number 


Fic. 4. Partition chromatography of parathormone A (CCD-3) 
on ethanolized cellulose in a system of butanol-H,O-acetic acid. 
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Fic. 5. Paper chromatogram of parat hormone A (CCD-3), in a 
system of butanol-acetic acid-water. 


only the major spot had activity; but its specific activity was 
less than the material applied to the paper. 

The active material from the first run (K = 1.74) was subjected 
to study by the method of membrane diffusion (Fig. 7). In 
0.01 M acetic acid it dialyzed through a No. 20/36 membrane 
with a half-time of 75 minutes, compared to a half-time of 82 
minutes for ACTH. The materials from the other two runs 
were analyzed by this procedure but gave unsatisfactory results. 

The active material from countercurrent distribution was 
analyzed for its content of amino acids. In Fig. 8 is recorded 
the amino acid pattern (CCD-1) obtained; and in Table II are 
recorded the moles of amino acid recovered, and an estimation 
of the minimal molecular weight. Of the nitrogen 98% was 
accounted for as either amino acid or ammonia nitrogen, and 
94% of the weight of the sample was accounted for by the amino 
acids recovered (corrected for water of hydrolysis). 

Similarly 4.0-mg samples of the active peptides from the CCD- 
2 and CCD-3 were analyzed for their content of amino acids. 
The sample from CCD-2 which was analyzed was 4.0 mg from 
the major spot obtained after paper chromatographic separation 
(Fig. 6). The results are recorded in Table II. Because a small 


amount of cystine was present in a few hydrolysates, samples 
of the polypeptides were oxidized with performic acid and then 
analyzed for their constituent amino acids. In each case ap- 
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extraction methods are such that hydrolysis of some of the more 
sensitive peptide bonds occurs. This is not unexpected for 
similar results have been obtained with other polypeptides such 
as ACTH (19). Although the hydrolytic cleavages are obviously 
selective, some biologically active material was always found 
in advance of the major peak. This material was not further 
characterized but was assumed to be a mixture of small amounts 
of a number of active peptides. 

The polypeptides isolated by the present methods are sig- 
nificantly smaller than the polypeptide obtained by phenol ex- 
traction and subsequent countercurrent distribution (9, 10). 
The active material, parathormone C, obtained by this latter 
method has an estimated molecular weight of 9000 + 1000. The 
data in Table II indicate that the various acid-extracted poly- 
peptides are all expansions on a unique biologically active amino 
acid sequence, undoubtedly derived from a common larger pre- 
cursor. Our present interpretation of these data is that the 
parathyroid hormone exists in the gland as a molecule with a 
molecular weight of at least 9200, and that extraction with hot 
dilute hydrochloric acid results in the partial degradation of this 
molecule with the liberation of polypeptides with molecular 
weights of 3800 to 5600. The size of the major polypeptide ob- 
tained in any given experiment depends upon the condition of 
the initial acid extraction. 

The biological activity of these polypeptides (Table I), al- 
though quite high, is approximately one-half (on a weight basis) 
of that of the larger phenol-extracted material but they are 
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Fic. 6. Paper chromatogram of parat hormone A (CCD-2), in a 
system of butanol-acetic acid-water. 


proximately 0.2 of a residue of material appearing at the chro- 
matographic position for cysteic acid was found. 


There is little doubt that extraction of bovine parathyroid 
glands with hot dilute hydrochloric acid yields a mixture of 
polypeptides, several of which possess significant biological ac- 
tivity. The character of the mixture and the size of the major 
active polypeptide depend upon the extraction procedure em- 
ployed. When the crude gland powder is first suspended in 
acid at room temperature and the mixture then heated to 100° 
and maintained at this temperature for 5 minutes, the principal 
component isolated (CCD-1) had an estimated molecular weight 
of 3788 (Table II). When the crude powder was added directly 
to boiling acid, the major polypeptide obtained was larger (CCD- 
2, CCD-3). The exact size of the major component apparently 
is critically dependent upon the conditions employed, because in 
duplicate experiments carried out under conditions meant to be 
identical, the product obtained differed as can be seen in Table 
II. The major polypeptide obtained in CCD-2 had one ad- 
ditional residue of histidine, serine, aspartic acid, and glycine 
when compared to the amino acid content of the polypeptide 
isolated in CCD-3. 
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Fig. 8. Amino acid pattern of an acid hydrolysate of parathormone A (CCD-1). The analysis was carried out by the method of 


Spackman et al. (13). 


approximately one-half the size of the parathormone C so that 
on a molar basis they have only approximately one-quarter of 
the biological activity of parathormone C. 

One of the interesting properties of these acid-extracted para- 
thyroid polypeptides is that they lose biological activity much 
more readily than parathormone C. For example, considerable 
losses of activity and obvious transformations of these peptides 
occur when subjected to countercurrent distribution in a solvent 
system of pyridine-0.1% acetic acid-n-butanol (3.5:12:5) a 
system in which parathormone C is completely stable. In this 
context, it is worth emphasizing that in all the present studies 
the trichloroacetic acid salts of these peptides have been distrib- 
uted. Trichloroacetic acid binds to these peptides and is not 
removed by the usual solvent extraction procedures. The tri- 
chloroacetic acid salts can be converted to the acetate salts by 
passing them through an anion exchanger (Dowex 2-X8) in the 
acetate form. These acetate salts are much less stable than 
their trichloroacetic acid counterparts and rapidly lose biological 
activity.“ For this reason the preparations have usually been 
kept as their trichloroacetic acid salts. The mechanism of this 
stabilizing effect of trichloroacetic acid has not been explained. 

Because of their extreme lability, the actual biological potency 
of these polypeptides is difficult to assess. The usual assay 
results have given potencies as indicated in Table I but an oc- 
casional preparation has given activities as high as 1800 units 
per mg. This was obtained by injecting the peptide after re- 
duction with cysteine as previously described (20). Also, it has 
not been possible to demonstrate any significant difference in 
the activity of the polypeptides from the three different runs 
(CCD-1, CCD-2, and CCD-3) in spite of the fact that CCD-1 
differs significantly in size (as estimated from amino acid com- 

H. Rasmussen, and L. C. Craig, unpublished data. 


position) from CCD-2 and CCD-3. One of the problems is that 
the method of assay employed has an accuracy of only +25%. 

The hormonal activity recorded in Table I is based upon an 
assessment of calcium-mobilizing activity. In recent years there 
have been several suggestions that two parathyroid hormones 
exist, one possessing calcium-mobilizing activity and acting 
primarily on bone and the other with phosphaturic activity and 
acting on the kidney. Data with parathormone C (9) has indi- 
cated that the hormone of molecular weight 9200 has both types 
of biological activity. The present preparations, when tested 
for their phosphaturic activity (18), had a potency similar to 
their calcium-mobilizing activity. This is consistent with the 
concept that there is only one parathyroid hormone which has 
both types of biological activity. 

The cause for the marked lability of these parathyroid peptides 
has not been completely elucidated. Many of the stability 
characteristics of the parathormone A peptides are similar to 
those previously reported for the somewhat larger peptide ob- 
tained by acetic acid extraction (20). All these data indicate 
that the major cause for loss of biological activity is an oxidative 
inactivation. The present data seem to establish that neither 
sulſhydryl nor disulfide bonds are involved because these peptides 
contain no significant amounts of cystine, cysteine, or cysteic 
acid after performic acid oxidation. Furthermore, reduction 
with sodium borohydride does not inactivate parathyroid pep- 
tides. The small amount of cystine found in some preparations . 
(CCD-1) undoubtedly indicates contamination with a small 
amount of nonhormonal peptide. The small amount of material 
appearing at the chromatographic position of cysteic acid after 
performic acid oxidation could be accounted for in at least three 
ways: (a) it could be cysteic acid derived from a small amount 
of cystine contamination; (6) it could be derived from cysteine 
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in the parathyroid peptides but appear in extremely low yield 
on hydrolysis because of a peculiar linkage; or (c) it could be 
the most likely is the third. In this particular chromatographic 
method cysteic acid appears at the interstitial volume of the 
column and any other highly acidic product of performic acid 
oxidation would appear at the same position. One possibility 
is that the material represents homocysteic acid resulting from 
he oxidation of methionine sulfone. This is supported by the 
fact that the value of this peak plus that of the methionine sul- 
fone equaled two residues in the several performic acid oxidized 
s mples of CCD-2 and CCD-3 subjected to amino acid analysis.“ 
The nature of the site of oxidative inactivation is under study, and 
preliminary results’ suggest that a methionine residue is the 
most likely site. In this regard it is of interest that the yield of 
methionine in all the hydrolysates was significantly less than 
one residue, which may indicate either that the methionine in 
the » peptides is more labile than usual during acid hyrolysis, 
or that during acid extraction of these peptides a small amount 
of the methionine is degraded but that the partition coefficient 
of the peptide (containing the degraded methionine) does not 
differ significantly from that of the active peptide and so is 
isolated with it. 

It is apparent that a molecule as small as that obtained from 
CCD-1, with a molecular weight of 3800, has a significant bio- 
logical activity. From this it can be concluded that the “active 
center” of parathyroid hormone is contained in this fragment. 
The remainder of the native or larger hormone apparently acts 
to stabilize this portion of the molecule, possibly either by 
changing the helical structure, or by protecting in some manner 
the reactive groups (particularly methionine) in the active center. 

In view of the present results, it is apparent that the no- 
menclature for parathyroid polypeptides is now inadequate, 
because all three of the polypeptides isolated in the present study 
must by definition be called parathormone A. Yet it is obvious 
that they are different chemical entities, and that they are all 
products obtained by partial acid hydrolysis of a native hormone 


A procedure is described for the extraction of hormonally 
active polypeptides from bovine parathyroid glands. This pro- 
cedure consists of initial extraction with hot 0.2 n hydrochloric 
acid followed by acetone fractionation, ultrafiltration, and coun- 
tercurrent distribution. By these means, relatively pure poly- 
peptides have been prepared. They vary in size from 3800 to 
5600, depending on the conditions of the initial acid extraction 
procedure. They have both calcium-mobilizing and phospha- 
turic activity and a potency of approximately 750 to 1250 U.S. P. 
units per mg of dry weight. Their amino acid composition has 
been determined. The smallest of these biologically active 
polypeptides has the following empirical formula: Lyss, His, 
Argz, Asp3, Thr, Sers, Glug, Pro, Gly:, Alas, Vale, Met, Ileu, Leus, 
Tyr, Phe, Try, and (—CONHz:):. 
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Taste II 
Amino acid composition of parathyroid peptides 

The values for serine and threonine have been corrected for an 
assumed 15 and 5% loss, respectively, during acid hydrolysis. 
The ammonia values are corrected for the assumed serine and 
threonine decomposition. The calculated residues per mole were 
obtained on the basis of molecular weights of 3788 (CCD-1), 5636 
(CCD-2), and 5239 (CCD-3). 


Residues per molecule 
Amino acid CCD-1 CCD-2 CCD-3 
round | | oud | | round | 
Lysine............ 2.9 3 4.2 4 4.0 4 
Histidine......... 1.1 1 2.7 3 2.2 2 
Ammonia......... 2.3 2 4.3 4 3.1 3 
Arginine.......... 1.8 2 1.9 2 2.2 2 
Aspartic acid..... 3.1 3 4.9 5 4.0 4 
Threonine....... 1.1 1 2.1 2 as. @ 
Serine............ 2.8 3 3.9 4 2.9 3 
Glutamic acid 3.9 4 4.8 5 4.7 5 
Proline .......... 1.2 1 2.1 2 1.8 2 
Glycine........... 2.0 2 4.3 4 3.3 3 
Alanine........... 2.9 3 6.2 6 5.7 6 
16 Cystine........ 0.2 0 0.04 0 0.060 0 
Valine............ 1.9 2 2.9 3 2.8 3 
Methionine....... 0.7 1 0.6 1 0.7 1 
Isoleucine......... 0.9 1 1.0 1 1.0 1 
Leucine........... 2.8 3 5.1 5 4.9 5 
Tyrosine.......... 0.9 1 1.1 1 1.1 1 
Phenylalanine 1.1 1 2.0 2 1.9 2 
Tryptophan 0.9 1 0.9 1 0.9 1 
Total amino acid 33 51 47 
residues 
Minimal molecu- 3788 5636 5239 
lar weight 
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Gergely, Briggs, and Kaldor (2-4) have recently shown that 
the so called Marsh-Bendall relaxing factor consists of a granular 
component and a heat labile dialyzable cofactor. The require- 
ment for both components could be demonstrated for the inhi- 
bition of Mg*+*-activated myofibrillar adenosine triphosphatase, 
for the inhibition of the adenosine triphosphate-induced synere- 
sis of myofibrils and for the reversal of the ATP-induced tension 
development of glycerol extracted muscle fibers. 

This report is concerned with the description of a new granule- 
free system obtained after incubation of granules and cofactor in 
the presence of ATP which duplicates the action of the complete 
relaxing factor system (RFS).! A number of properties of the 
soluble relaxing substance (RS) will be discussed. 


EXPERIMENTAL PROCEDURE 


Myofibrils, granules, and cofactor were prepared as previously 
described (2, 3). Granules not requiring cofactor will be referred 
toas A-granules. Cofactor-requiring granules (B-granules) were 
obtained by dialysis of A-granules against 320 mm sucrose over- 
night. The RS was prepared by incubation of B-granules and 
cofactor, or A-granules alone, in 20 mi histidine, 50 mm KCl, 
320 m sucrose, 2.5 mm oxalate, 5 mu MgCl: and 5 mm ATP at 
pH 7.5 for 15 minutes at 25°, followed by centrifugation at 50,000 
Xx ſor 2 hours. The supernatant contained RS. Activities of 
RS preparations are usually expressed as the percentage of inhi- 
bition of myofibrillar ATPase. Myosin was prepared according 
to Gergely et al. (5). Actin was extracted and purified, as 
described earlier, by ultracentrifugation with the omission of 
ascorbic acid (6). Natural actomyosin (myosin-B) was prepared 
by extraction with Weber-Edsall solution for 16 hours at 4° (6) 
with two additional reprecipitations. Reconstituted actomyosin 
was prepared by mixing myosin and F-actin in a 4:1 weight 
ratio in 600 mu KCl. Before use, myosin-B and reconstituted 
actomyosin were precipitated by dilution with 10 volumes of 
water, and the precipitate was suspended in 65 mu succinate 
buffer at pH 6.0. 

The binding of Ca**+ to granules was measured by adding 
varying amounts of A-granules to a solution containing Ca“ but 
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otherwise identical with that used for the preparation of RS. 
After 15 minutes at 25° the mixtures were centrifuged at 50,000 
* g for 2 hours to remove the granules. Aliquots of the super- 
natants (0.05 ml) were dried on filter paper disks placed in steel 
planchets. The samples were counted in a gas flow counter. 
The amount of bound Ca! equals (1 — 4/40 C. when Acand A 
are the radioactivities in c.p.m. per ml in the solution before 
adding the granules and after removal of the granules respec- 
tively, and C. is the concentration of total Ca++. To obtain the 
combining weight of the granules with Ca! and the apparent 
affinity constant of the binding, the data were plotted according 
to the following equation (7): 


r 
(1) 
when r is the number of moles of Ca!“ bound per 1000 g of 
granule protein at a given concentration of “unbound” Ca (Ca,), 
K the apparent affinity constant, and n the maximal number of 
Ca ions that can be bound per 1000 g of protein. K is defined 
as: 


(Ca-protein) (2) 
(Ca.) (free protein) 


Because of the uncertainties surrounding the value of the affinity 
constant of Ca“ for ATP and the precise values of the dis- 
sociation constants of ATP under the experimental conditions, 
no effort was made to distinguish between free Ca** and Ca-ATP. 
In view of the high affinity of ATP for Ca** (8), most of the Ca 
is in the form of the Ca-ATP complex under our conditions, and 
the free (Ca.) would then be roughly proportional to (Ca.). 

The effect of RFS and RS on the ATP-induced syneresis was 
characterised by the time required for visible clumping to occur. 
Myofibrillar ATPase was determined in the medium used for the 
preparation of RS as described earlier (3). The ATPase activity 
of natural and reconstituted actomyosin was measured in the 
same medium, but with KCl omitted. Protein was determined 
by the micro-Kjeldahl or the biuret method (9), orthophosphate, 
by the method of Fiske and SubbaRow, and Ca! with murexide 
according to Ames and Nesbett (10). 

Crystalline disodium ATP was obtained from Pabst Labora- 
tories, Milwaukee, Wisconsin; carnosine from the California 
Corporation for Biochemical Research, Los Angeles, California; 
and anserine was isolated from cod muscle.“ Calcium-45 was 
purchased from the Union Carbide Nuclear Company, Oak 
Ridge, Tennessee. 
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2 4 6 8s #0 
TIME IN MINUTES 
Fic. 1. Comparison of the effect of RS and complete RFS on 
myofibrillar ATPase. In the ATPase assay, the final myofibril 
concentration was 0.89 mg of protein per ml, the total volume, 4 
ml. O, myofibrils alone; A, 3.6 ml of RS, equivalent to 26 ug of 
B-granule protein, and 0.2 ml of cofactor per ml were present; @, 
RFS added, B-granules, 23 ug of protein per ml and 0.2 ml of co- 
factor per ml. Ordinate: phosphate liberation by myofibrils. 


t 2 3 4 5 6 7 
TIME IN MINUTES 


Fic. 2. Factors affecting the formation of RS. B-granules (50 
ug per ml) and 0.2 ml of cofactor per ml of reaction mixture were 
incubated with ATP and Mg** and centrifuged as described in 
Experimental Procedure. Omissions in the incubation mix- 
ture were as indicated below. The RS was assayed by adding 1 
ml of a myofibril suspension (8.7 mg of protein per ml) to 9 ml of 
the supernatant; I-ml aliquots were taken at the time indicated 
in the figure, added to 1 ml of 10% trichloroacetic acid, and the 
Pi was determined in the deproteinized solution. Ordinate: phos- 
phate liberation by myofibrils; O, myofibrils alone with RS; O, 
complete incubation mixture; @, ATP omitted from incubation 
mixture; A, cofactor omitted; O, ATP and cofactor omitted. In 
the experiments in which granules were incubated without ATP, 
5 mm ATP was added to the ATPase assay system. 


RESULTS 


When cofactor-requiring granules are incubated for 15 minutes 
with ATP, cofactor, and Mg““ and the granules removed by 
centrifugation, the supernatant inhibits Mg“ activated myofi- 
brillar ATPase. Fig. 1 shows that this inhibition is somewhat 
less than that obtained with the complete relaxing factor system. 
The extent of the inhibition varies somewhat with the granule 
preparation used. The formation of the RS is dependent upon 
the presence of the above components? (Fig. 2.) Incubation for 
5, 15, 30, or 45 minutes gives preparations of equal activity. No 
dependence of the activity of the RS preparations on ATP con- 

The requirement for Mg“ can be demonstrated only when 


A-granules are used to prepare RS, presumably because of the 
presence of Mg** extracted from muscle in the cofactor solution. 


Soluble Relaxing Factor 
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TaB.e I 
Effect of RFS and RS on syneresis of myofibrils 
Myofibrils were suspended in 1 ml of a solution containing 20 
mu histidine, 50 mu KCl, 5mm MgCl:, 2.5 mm K-oxalate; pH 7.5; 


23°. Five micromoles of ATP were added, and the time of visible 
clumping was taken as the syneresis time. 
Experiment Syneresis time | Myofibrils 
min mg/ml 
1 Fibrils 6.0-7.5 3.8 
Fibrils, cofactor 8.0 3.8 
Fibrils, B-granules 6.0 3.8 
Fibrils, granules, cofactor 15.0-18.0 3.8 
2 Fibrils, RS >16.0 1.9 
Fibrils + cofactor 8.0 1.9 
Fibrils 6.0 1.9 


centration in the incubation mixture could be demonstrated, 
over the range of 0.5 to 5.0 mm. 

The RS contains no trichloroacetic acid-precipitable material, 
is only partially inactivated by boiling at pH 7.0 for 15 minutes, 
but is unaffected by heating for 2 minutes at 55°. The latter 
conditions inactivate the RFS. Heating for 2 minutes at 55° in 
the presence of granules, however, inactivates RS. The activity 
of the RS is not lost during 1 hour at room temperature at pH 
1.0, in contrast to the acid lability of the cofactor (2-4). It is 
adsorbed on charcoal at pH 4.0 to 5.0, Dowex 1-HCOs, and 
Sephadex.‘ Attempts at elution, however, have been unsuc- 
cessful. The usual dialysis membranes (visking, nalfilm,“ and 
collodion) adsorb and /or destroy the RS. It has been impossible, 
therefore, to demonstrate its dialyzability. Pretreatment of the 
membranes with acid, sucrose, histidine-sucrose-KClI buffer, 
ethylenediaminetetraacetic acid, egg albumin, or serum albumin, 
or exhaustive washing with water have been to no avail. 

The inhibition of syneresis of myofibrils by both RFS and RS 
is shown in Table I. Both systems are effective. 

The effect of pH on the activity of RS and RFS is shown in 
Fig. 3. Both exhibit a maximum at pH 7.0 to 7.5, but the RFS 
shows a sharp drop in activity between pH 7.5 and 8.0, whereas 
the RS is active up to pH 8.5, becoming inactive at pH 9.0. It 
seems, therefore, that the sharp decrease in activity of the RFS 
above pH 7.5 is due to an inactivation of the system that produces 
RS rather than to the destruction of RS itself. 

It is well known that the effect of the RFS on myofibrillar 
ATPase is inhibited by Ca“ (11, 12). The present work shows, 
however, that the inhibition depends on both the concentration 
of Ca!“ and that of the granules. According to Fig. 4, ats 
granule concentration of 100 ug of protein per ml the RFS re- 
mains active until the Ca** concentration equals 0.1 mm. At 
lower granule concentrations less Ca** is sufficient to reverse the 
ATPase inhibition; e.g. with 11 ug of protein per ml the RFS is 
inactivated by a Ca!“ concentration of 0.0025 mm. The RSs 
much more sensitive to Ca++ than the RFS. This can be shown 
by comparing the effect of Ca++ on the complete system at 8 
given granule concentration with its effect on the RS obtained at 
the same granule concentration. If granules, at a concentration 
of 100 ug protein per ml, are incubated as described above to pro- 
duce RS, the RS formed is inhibited when the Ca++ concentration 


Pharmacia, Uppsala, Sweden. 
5 National Aluminate Corporation, Chicago, Illinois. 
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exceeds 2.5 X 10-*m. The inhibition of RS activity is essentially 
complete at 1.0 X 10-* m Ca“, in contrast to 10“ required to 
inhibit the complete system (Fig. 5). 

To interpret these data, the amount of unbound Ca was 


6 8 
pH 

Fic. 3. The influence of pH on the inhibition by RFS and RS 
of myofibrillar ATPase. The ATPase assay system contained 1.2 
mg myofibrillar protein per ml. Ordinate: percentage of inhibi- 
tion of ATPase, based on the liberation of P; in 5 minutes; the 
cleavage of ATP by myofibrils alone was taken as 100% ATPase 
activity. The pH was adjusted with HCl or NaOH, before the 
addition of granules or RFS, to the value shown on the abscissa. 
(No change in pH was observable on adding these components.) 

, RFS (B-granules, 50 ug of protein per ml) with cofactor (0.4 
ml per ml); , RFS (A-granules, 100 ug per ml); O, RS, equiva- 
lent to 50 wg of B-granule protein per ml and 0.4 of cofactor 
per ml; @, RS, equivalent to 100 ug of A-granule protein per ml. 


100 F 


% INHIBITION 
8 


-6 -5 

LOG TOTAL Ca 

Fic. 4. The effect of Ca“ on the inhibition by the RFS of myo- 
fibrillar ATPase. To the standard incubation mixture (see Ex- 
perimental Procedure’’) Ca was added in the concentrations shown 
on the abscissa. (Under the conditions of this experiment about 
1 wm Ca is released from the myofibrils (15). This amount is 
included in this value.) Ordinate: percentage of inhibition of 
myofibrillar ATPase, based on the liberation of P; in 5 minutes; 
the cleavage of ATP by myofibrils alone was taken as 100% ATPase 
activity. Myofibrillar protein concentration, 1.3 mg per ml. 
A-granule protein concentration as indicated below: O, 105 ug per 
— 2 2 Q, 32 wg per ml; , 21 wg per ml; A, 11 ug 
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Fic. 5. The effect of Ca** on the inhibition by RS of myo- 
fibrillar ATPase. The RS was prepared as described in Experi- 
mental Procedure and was equivalent to 105 wg. A-granule 
protein per mi in the final assay mixture. Myofibrillar protein 
concentration, 0.91 mg per ml. Other conditions as described in 
the legend to Fig. 4. 


30 
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Fic. 6. The binding of Ca“ to granules. Ordinate: moles of Ca 
bound per 1000 g of A-granule protein per free Ca concentration. 
Abscissa: moles of Ca bound per 1000 g of granule protein. Com- 
position of solutions: 50 mm KCl, 20 mm histidine, 5 mu ATP, 5 
mm Mg, 2.5 mm K-oxalate, and 6 X 10 mu Ca“ with a radioac- 
tivity of 86,600 c.p.m. per ml. The granule concentration varied 
from 17.5 to 87 ug per ml. For details see text. 


calculated for a number of experiments in which both the added 
Ca!“ and granule concentration varied. The apparent binding 
constant and combining weight of granules for Ca!“ were deter- 
mined from the data in Fig. 6 to be 5 x 10° i, and 700 g, 
respectively. These values are in good agreement with those of 
Ebashi,* who found that the binding is dependent upon ATP. A 
summary of the relationship between the concentration of un- 
bound Ca and the effectiveness of the RFS in terms of the 
percentage inhibition of the ATPase activity of myofibrils is 
presented in Table II. It will be seen that the RFS is inhibited 
whenever the concentration of unbound Ca exceeds about 2 x 
10-*m. The inhibition of the RS takes place when Ca concentra- 
tions are of the same order of magnitude; cf. Fig. 5. 

The action of the complete RFS and of the RS on the Mg“ 
activated ATPase of natural and reconstituted actomyosin is 
shown in Table III. The inhibition with RFS and RS on natural 
actomyosin is comparable to those obtained with the use of 
myofibrils. Both RS and RFS, however, are less active on re- 
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II 
Relationship between inhibition f ATPase activity and Ca. 
The inhibition data are taken from Fig. 4, and Ca, was calcu- 
lated from Equation 2 with values for K and the combining weight 
of the granules calculated from Fig.6. For details see text. 


| Total Ca present, a 
concentra- 
400 21 3 1 
om | om | | co | 
ow | % | % | | % | | uM % 
1.5 | 3.6 | 0.0) 0.6) 88.8] 0. 2 67. 0. 08 63. ( < 0.01) 82.1 
0.9 19.0 5.0 1.1 86.6] 0. 2 68. 6 0.06| 77.8| < 0. 01 77.3 
0.46 55.6 0.0 1.2 60.0) 0. 4 64. 0 0. 18 68.0 < 0. 01 72.1 
0.3 70.7 0.0 3.0 30.0 1.0 26.0 0. 28 66. < 0.01) 53.0 


* Under the conditions of this experiment about lus Ca is re- 
leased from the myofibrils (14). This amount is included in this 
value. 

t Equivalents per liter = g of granule protein per liter divided 
by combining weight. 


Tasie III 
Effect of RFS and RS on ATPase of myosin-B and 
reconstituled actomyosin 

The reaction mixture contained 20 mu histidine, 5 mu MgSO, 
1 mm K-oxalate, and 5 mu ATP; pH 6.5; total volume 2 ml. Pro- 
tein concentration: myosin-B, 1.0 g per ml; reconstituted acto- 
myosin, 0.6 mg per ml. Granule concentration:* when added, 
0.190 mg of protein per ml. The amount of RS added was the 
equivalent of the granule concentration (see text). The ATPase 
activity was determined from the amount of Pi liberated in 5 
minutes. 


System Inhibition 
% 
Myosin-B, granules. 82 .3-88.5 
Myosin-B, heated granules..................... 0.0 
57. 6-68. 0 
Myosin-B, RS, after heating 2 min at 100“ 50.1 
Myosin-B, RS, after heating 15 min at 100°..... 29.6 
Reconstituted actomyosin, granules............ 41.0-46.2 
Reconstituted actomyosin, RS.................. 39.3-46.3 


* A-granules were used in these experiments. 


constituted actomyosin. It has been reported that carnosine 
reverses the action of the RFS on myofibrillar ATPase (2). In 
the case of natural actomyosin, however, neither carnosine nor 
anserine has any effect. 


The results reported here furnish a clear indication that the 
action of the relaxing factor system is due to a soluble, apparently 
protein-free component, or components. The granule-free 
supernatant of an incubation mixture consisting of granules, 
Mg**, ATP, and, if necessary, the dialyzable cofactor previously 
described, duplicates the activity of the complete system both 
with regard to the inhibition of myofibrillar and actomyosin- 
ATPase, and the syneresis of myofibrils, obviating the necessity 
of speculating on how large particles, such as the granules, could 
interact with myofilaments in vivo. The effectiveness of such 
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granule-free preparations on the ATP-induced tension develop- 
ment of glycerinated single muscle fibers has been independently 
confirmed by Briggs (13, 14). 

The purification of the granule-free substance has so far re- 
sisted all efforts. The peculiar inactivation by starch or cellulose 
types of material such as dialysis membranes, cross-linked 
dextrans, filter paper, etc., might be a clue to its chemical charac- 
ter. The difference in the heat stability clearly differentiates this 
granule-free substance from the granules or from the previously 
described cofactor. 

It is interesting to speculate on the mechanism of action of such 
modifiers as pH and Ca** concentration on the complete relaxing 
factor system. As shown above, increasing the pH above 7.0 
decreases the activity of both the complete relaxing factor sys- 
tem and of the relaxing substance. The greater sensitivity of 
the former to pH change suggests that the effect on the whole 
system is due to the inhibition of the production of the relaxing 
substance. One of the prominent features of the relaxing factor 
system, since its first description by Marsh, has been the reversal 
of its effect by Ca**. It is clear from our data that the complete 
relaxing factor system does function in the presence of small 
amounts of Ca++. The calculation of the concentration of Ca“. 
not bound to granules (Table II), based on a binding constant 
of 5 X 10° and a combining weight of granule protein of 700 g. 
shows that the complete relaxing factor system becomes inhibited 
under conditions in which the concentration of the unbound Ca 
is of the same order of magnitude as that causing inhibition of the 
relaxing substance. Values in bold-face type in Table II are in 
this category. Thus it would seem that the inhibition of the 
complete system depends on the inhibition of the RS by free 
Ca“ or Ca-ATP. An answer to the question of whether or not 
the inhibition of the RS by Ca** depends on complex formation 
will have to wait until the relaxing substance is available in a 
pure form. Weber (16) has recently suggested that the ATPase 
activity of myofibrils depends on the presence of about 10 1 
free Ca“. In the light of our results the question arises whether 
this might not be due to the presence of some bound relaxing 
substance in her myofibril preparations. A subsequent paper 
will deal with the question of whether the relaxing substance or 
the granules could remove Ca“ from the myofibrils and thereby 
produce inhibition of ATPase activity and of shortening or 
tension development. 

SUMMARY 

1. On incubation of the relaxing factor system (muscle granules 
and a dialyzable cofactor) with adenosine triphosphate, a soluble 
relaxing substance is obtained that duplicates the action of the 
complete system with respect to the inhibition of Mg-activated 
myofibrillar adenosine triphosphatase and the syneresis of 
myofibrils. 

2. The relaxing substance contains no trichloroacetic acid- 
precipitable material, is stable at 100° for 15 minutes in contrast 
to the lability of the complete relaxing factor system, and its 
pH dependence differs from that of the latter. 

3. The inhibition of the action of the relaxing factor system 
by Ca“ is due to the inhibition of the relaxing substance, and 
occurs when the concentration of Ca not bound to granules 
exceeds about 5 X 10-* M under the conditions used. 
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The penicillinase of Bacillus cereus exists as an exoenzyme, 
called a-penicillinase, and as an immunologically distinct cell- 
bound enzyme, designated as 7-penicillinase (1). Properties 
such as substrate specificity, Michaelis constant, and sedimenta- 
tion rate were found to be practically identical, and the only other 
ways in which the cell-bound y- penicillinase differed from a- 
penicillinase were in its rapid inactivation by iodine and in its 
lower activity in the alkaline region. More recently it has been 
shown that the exposure of a-penicillinase to dilute alkali, or the 
adsorption on glass or cell surfaces, results in a reversible change 
to a form behaving like the cell-bound y-penicillinase, as followed 
serologically and by sensitivity to iodine (2). This change was 
called a shift from the a-state to the y-state of penicillinase. 
A more prolonged exposure to alkali caused an irreversible change 
to the y-state. 

The above findings have suggested that the difference between 
the various forms of penicillinase of B. cereus is due to configura- 
tional changes in the molecule. In order to test this hypothesis, 
the effect of urea on the iodine sensitivity of the enzymatic ac- 
tivity of a-penicillinase has been investigated (3). Urea is known 
to break hydrogen bonds in proteins and thus cause changes in 
their secondary and tertiary structure (4, 5). It was found that 
although the total penicillinase activity remains constant over a 
wide range of concentration of urea, a shift from the a-type to 
the y- type activity on increasing the concentration of urea oc- 
curs, which is reversible upon dilution. At higher concentra- 
tions of urea, on the other hand, a loss in penicillinase activity 
takes place and the shift to the y- state becomes irreversible (3). 

In the following paper, we report the results of an investiga- 
tion of the effect of urea as well as of another hydrogen bond- 
breaking reagent, guanidine hydrochloride, on the enzymatic 
activity and the optical rotation of penicillinase. The effect of 
the ionic strength on the - and 7-states of penicillinase was also 
studied. Changes in the type of enzymatic activity have been 
correlated with conformational changes in the molecule. 


EXPERIMENTAL PROCEDURE 


The penicillin used was the sodium salt of benzylpenicillin 
(Merck). Urea, sodium chloride, potassium chloride, sodium 
nitrate, sodium citrate, potassium iodide, and iodine were of 
reagent grade, and were used without further purification, 
whereas reagent grade guanidine hydrochloride (Matheson Com- 

* This in was aided by research grant E 3097 from 


vestigation was 
the National Institutes of Health, United States Public Health 
Service, Bethesda, Maryland. 


Pb ay abbreviation used is, DFP, diisopropyl phosphorofluori- 


pany) was recrystallized once from methanol and stored in 3 
desiccator over phosphorus pentoxide. DFP was a gift from 
Dr. W. Dreyer. Celite 535 (diatomaceous silica filter-aid) was 
obtained from Johns-Manville, and Geon (polyvinyl chloride par- 
ticles) from the Goodrich Company. Gelatin, U.S.P. granular, 
was from the Fisher Company. Polymethacrylic acid (molecu- 
lar weight 100,000) and polyacrylic acid (molecular weight 200,- 
000) were gifts from Dr. Z. Alexandrowicz. Polyvinylamine was 
a gift from Dr. P. Spitnik. Polyvinyl alcohol (Elvanol) was 
obtained from Du Pont. 

Penicillinase—The penicillinase used throughout this work was 
prepared from the culture supernatant of strain 569/H of B. 
cereus. This mutant strain, which produces penicillinase con- 
stitutively, has been derived from the inducible penicillinase- 
forming B. cereus 569 (6). The culture was started from spores 
inoculated into a medium consisting of Difco Peptone (1%), 
Bovril Meat Extract (0.3%), and sodium chloride (0.2%), and 
prepared according to Pollock (7). After reaching the logarith- 
mic phase, the cells were transferred to a casein hydrolysate- 
citrate medium, prepared according to Kogut et al. (6), and dis- 
pensed in 500 ml lots into 2-liter Erlenmeyer flasks. The casein 
hydrolysate-citrate medium cultures were incubated at 35° in a 
rotary type shaker for 6 to 8 hours. 

The supernatant was then collected by centrifugation (3000 
r.p.m., 10 minutes), adjusted to pH 5, and percolated through a 
column of fine diatomaceous earth (Celite 535). The filtrate 
was found to be free of penicillinase activity and was discarded. 
The column was washed with twice-distilled water until no 
material absorbing in the 260- to 280-my range of the spectrum 
could be detected in the eluate. The enzyme was then gradually 
eluted with a solution consisting of 1 M NaCl and 0.1 m sodium 
citrate, adjusted to pH 8.5. Most of the activity was found in 
a small fraction, about 0.1 of the original volume of the eluate. 
This fraction was subjected to dialysis, at 2°, against 50 volumes 
of 0.001 M phosphate buffer, pH 7, for 4 hours. 

The nondialyzable material was again adsorbed on a Celite 
column and then washed and eluted as before. At this stage, 
the enzyme concentration was 50 to 100 times greater than that 
of the original supernatant and its specific activity was close 
to that reported by Pollock et al. (8) for a crystalline preparation 
of the related 569 strain of B. cereus. The second eluate was 
dialyzed extensively against 20 volumes of 0.001 m phosphate 
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buffer, pH 7, at 2° for 48 hours, followed by dialysis against 
distilled water for 6 hours, and was subsequently lyophilized. 

Assay of Penicillinase—The assays of total penicillinase activ 
ity and of the activity of the iodine-resistant fraction, — 
activity, were performed as follows: 

Reagents—lIodine solution, I., 0.025 M, in 0.125 1 KI aqueous 
solution. Penicillin solution, a freshly prepared solution of 5000 
units per ml of 0.1 u phosphate buffer, pH 7.0, which was kept 
cool. Enzyme solution, penicillinase diluted in the assay me- 
dium so as to contain 150 to 200 penicillinase units per ml. One 
unit is defined as the amount of penicillinase which hydrolyzes 
1 ymole of penicillin in 1 hour at 30° and pH 7 (9), based on mano- 
metrical determination (10). Assay medium, 0.5% gelatin in 
water or an aqueous solution of the reagent to be investigated 
for its effect on the enzyme activity. 

Procedure—(a) a-Type activity. Test tubes containing 3 ml 
of the assay medium are placed in a water bath at 30°. After 
5 minutes, 1 ml of penicillin solution and 0.5 ml of iodine solution 
are added. After equilibration to the temperature for 1 minute, 
the reaction is started by the addition of 0.2 ml of the enzyme 
solution to each tube. The time required for a complete decolori- 
zation of the iodine by the penicilloic acid formed is recorded. 
Since the rate of penicilloic acid formation under these conditions 
is linear (11), and its reaction with iodine is very rapid, the 
decolorization time can be translated into activity units by means 
of a simple calibration curve. 

(b) Total activity. Since the assay described above is performed 
in the presence of 0.0025 M iodine, it measures only penicillinase 
activity of the a-type (2). For the measurement of total activ- 
ity, Procedure a is followed except that the iodine is not present 
when the assay is started. It is introduced after approximately 
two-thirds of the amount of penicilloic acid required for complete 
decolorization has been formed. The validity of this procedure 
has been demonstrated elsewhere (11). In practice, iodine is 
added 3 minutes after introducing the enzyme, which is diluted 
so as to cause complete iodine decolorization in 5 minutes. 
Whenever the time of decolorization is longer than 5 minutes, 
the addition of iodine is delayed accordingly. 
measured by this procedure is in good agreement with results 
obtained by the manometric method (10). 

(ce) y-Type activity. The proportion of the iodine- sensitive 
(V type) fraction in a mixture is calculated by subtracting the 
values obtained for the a-type fraction from those obtained in 
the total activity assay. 

Assay of Total Protein—The protein content was determined 
either by the Kjeldahl nitrogen method or by the Folin-biuret 
procedure (12). 

Anti-a-Penicillinase Serum The antiserum was obtained from 
rabbits immunized with pure 569/H penicillinase. One neutral- 
ization unit (1 NU) will neutralize 1 unit of the enzyme, as de- 
fined by Pollock (13). 

Optical rotations were measured at the sodium D line with a 
Rudolph high precision ultraviolet polarimeter, model 80, 
equipped with the Rudolph photoelectric polarimeter attach- 
ment and an oscillating polarizer prism. 

Sedimentation analysis was carried out in a Spinco model E 
ultracentrifuge, at 21° with the Schlieren optical system 

Electrophoresis was carried out in borate buffer of pH 7.6 and 
8.7, respectively, of 0.05 ionic strength, at 2°, on a Geon resin 
block measuring 30 x 2 X 1.5-cm at 25 ma. and 100 volts. 
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Characterization of the Exopenicillinase 

The specific enzymatic activities of our penicillinase prepara- 
tions were similar to that reported by Kogut et al. (6) for their 
crystalline penicillinase. A penicillinase preparation with an 
activity of 2 x 10 units per mg of protein nitrogen was subjected 
to electrophoresis on Geon at pH 7.6 and 8.7. After completion 
of the experiment, the Geon block was cut crosswise into 1-cm 
segments. The protein was then eluted with 0.5 m aqueous 
sodium chloride. Enzymatic activity was measured by means 
of the iodometric assay, and the protein content was determined 
by the Folin-biuret procedure (12). Only one sharp peak mi- 
tivity was obtained. In a typical experiment carried out at 
pH 8.7 for 22 hours, the peak moved a distance of 10 cm from 
the origin. 

For the ultracentrifugation the penicillinase sample was dia- 
lyzed against a buffer of pH 7.3 and 0.27 ionic strength, composed 
of 0.1 M NaCl, 0.05 M NaCl, O05 Na,HPO, and 0.0167 NaH; - 
PO,, and sedimented at 56,100 r. p.m. At a protein concentra- 
tion of 0.2%, a single, slightly asymmetrical peak was observed 
with a sedimentation constant 610. = 2.5 8, which is in good 
agreement with the values of 2.6 to 2.8 S obtained by Hall and 


Ogston (14) for several preparations of bacterial penicillinase. 


Effect of Urea 


Iodine Reactivity of Urea-treated Penicillinase The effect of 
the exposure to urea on the shift of penicillinase activity from 
a-type to y-type has been demonstrated in a previous communi- 
cation (3). In the experiments described below, the urea-induced 
shift has been studied under somewhat different conditions. 
Here, gelatin was excluded from the assay system and preincu- 
bation with urea was, therefore, not required. This simplified 
procedure gave a very consistent picture of a — + transition as 
a function of the concentration of urea (Fig. 1). 

Correlation between Iodine Sensitivity and Antigenicity of Urea- 
treated Penicillinase—The modified enzyme is of the y-type as 
judged by its sensitivity to iodine. It is obviously difficult to 
consider its antigenic structure in the presence of high concen- 
trations of urea. However, reversion upon dilution results in 
the recovery of the initial a-type activity as judged both by the 
resistance to iodine and by the antigenic identity of the enzyme. 
This was demonstrated by the following experiment. Aliquots 
of exopenicillinase were exposed to 5 M urea at 30° for 10 min- 
utes. The urea-treated enzyme was then assayed either in 4.5 
M urea or in 0.5% gelatin for iodine-resistant and iodine-sensitive 
activity. The enzyme activity was also tested in 0.5% gelatin 
in the presence of anti-a-penicillinase serum. The results are 
summarized in Table I. It will be seen that penicillinase re- 
covered after exposure to 5 M urea regains its resistance to iodine. 
Moreover, as in the case of the untreated enzyme, the resistance 
to iodine may be correlated with the susceptibility to neutraliza- 
tion by anti-a-penicillinase serum, i.e. to the inhibition of the 
enzymatic activity by the antiserum. 


Effect of Guanidine Hydrochloride 


Since guanidine hydrochloride is a powerful hydrogen bond- 
breaking agent (4, 5), it was expected to cause an a — ¥ shift 
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Effect of Urea and Guanidine Hydrochloride on Penicillinase 


1 1 1 


8 8 


PENICILLINASE ACTIVITY-UNITS / ML 
8 


2 4 


MOLARITY OF UREA 


Fig. 1. Assay of penicillinase in increasing concentrations of 
urea. A——A, iodine-resistant, a-type activity; O——O, io- 
dine-sensitive, y-type activity. ------ indicates the y-type ac- 
tivity computed as due to the effect of urea alone (The level of 
the iodine-sensitive activity at concentrations of urea lower than 
2 is affected by the proportion of the enzyme adsorbed by the 
glass surface of the vessel. Ana to y conversion through adsorp- 
tion occurs in the absence of gelatin (2)). 


Taste I 

Effect of anti-a-penicillinase serum on penicillinase recovered from 
exposure to § M urea 
Activity 
Assay medium 
Total lodine-resistant | lodine-seasitive 
wnits/mi 
Urea, 4.5m........... 184 40 144 
Gelatin, 0.5%......... 191 172 19 
Gelatin, 0.5% + 800 
NU of anti-a serum. 53 32 21 


at low concentrations. The effect of guanidine hydrochloride on 
the activity of penicillinase was, therefore, tested in the same 
way as that of urea. The a — 7 shift as a function of the con- 
centration of guanidine hydrochloride is presented in Fig. 2. 
The expected correlation between hydrogen bond-breaking ca- 
pacity and occurrence of an a shift is borne out by the sharp 
drop in, and disappearance of, a-type activity at concentrations 
up to 1.5 M guanidine hydrochloride. Higher concentrations of 
guanidine cause a gradual inactivation of the enzyme. 

An inversion of the a — + shift has been observed at concen- 
trations lower than 0.6 u guanidine hydrochloride. This ap- 
parent anomalous behavior is due to an interaction of the dilute 
enzyme solution with the glass surface of the vessel (see legend 
to Fig. 1) which, in the absence of electrolytes, causes an a — 7 
shift. An increase in the ionic strength of the solution suffices 
to prevent transition to the y-state. Thus, guanidine hydro- 
chloride has a dual effect; at low concentration it acts as an 
electrolyte and favors a y — a shift, whereas at higher concen- 
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trations its action in breaking hydrogen bonds predominates and 
the over-all effect is one of a sharp a — + shift. 


Reversibility of the a — > Shift 

Reversal by Dilution—The lowering of the concentration of 
urea by dilution causes a reversal from the y-state to the a-state, 
as judged both by loss of sensitivity to iodine (3) and by recovery 
of the antigenic identity of a-penicillinase (Table I). 

Further studies of the shift induced by urea or by guanidine 
hydrochloride have shown that the extent of the reversal depends 
on the initial concentration of the reagent, as well as on the ex- 
tent of dilution. Typical results are presented in Table II. 
Of particular interest is the observation that exposure to 3.3 1 
guanidine hydrochloride causes a reversible inactivation of the 
enzyme and that all the activity recovered on dilution is of the 
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Fic. 2. Assay of penicillinase in increasing concentrations of 
guanidine hydrochloride. O——O, total activity; @——@, io- 
dine-resistant, a-type activity; A——A, iodine-sensitive, y- type 
activity. 


Taste II 
Reversal of a > shift by dilution 
a „ shift reversal 
Activity Activity 
Incubated at 30° in Assayed in 
@ 7 
Urea 4.0 | 30 82 50 Urea 0.25 24 
Urea 5.4 | 30 Urea 0.25 3 
Urea 6.0 | 30 74 Urea 0.25 | 63 27 
Guanidine hy- 1.6 10 3 Guanidine hy- 0.7 | 61) 7 
drochloride drochloride 
Guanidine hy- 3.3 10 Guanidine hy-| 0.7 2 
drochloride drochloride 
Guanidine hy- 3.3 10 Guanidine hy- 1.6 19 
drochloride drochloride 


— 


SSS 3 


— 
— 
— 


w 
uo 


38328 


133387 


= 
2 


14 
7 


335 
8233 


3456 — 
4 
2 
A 
/ \ 
/ 
/ \ 
/ \ 
| 
7 
= 
* 
* 
* 
* 
\ 
* 
| 
50 N 
* 
* 
* 
* 
* 
* 
* 
2 3 


3352 


December 1960 
y-type. Treatment with higher concentrations of the guanidine 
salt leads to an irreversible inactivation. 

Reversal from the y- state upon dilution has also been observed 
after treatment of the enzyme with alkali (2) and with high 
concentrations of sodium chloride (Table III A). 

Effect of Electrolytes—The reversal of the a — + shift at low 
concentrations of guanidine hydrochloride has been ascribed to 
its electrolytic nature. No such effect has been observed in ex- 
periments with urea. On the other hand, a similar result has 
been obtained in dilute aqueous solutions of a-penicillinase as- 
sayed in the presence of other electrolytes, e.g. NaCl, Na NO,, 
KCl. The effect of the concentration of the electrolyte on the 
state of penicillinase is illustrated in Fig. 3. It will be noted 
that a full reversal of the a — + shift caused by the adsorption 
on glass occurs at concentrations of 1.0 to 1.5 mu NaCl. On 
further increase of the ionic strength, the enzyme is converted to 
the y-state and the total activity decreases. As shown in Table 
III A, this shift is reversible. Moderate concentrations of elec- 
trolytes, e.g. 0.6 M NaCl, cause a marked reversal of the a — y 
shift induced by exposure to alkali or to urea. The shift can be 
prevented by increasing the ionic strength of the enzyme prep- 
aration (Table III). 

The influence of polyelectrolytes on penicillinase in aqueous 
urea was also investigated. The addition of 1 mg of polyacrylic 
acid or polymethacrylic acid per ml of penicillinase solution in 
3.5 M urea decreased the proportion of the enzyme in the y- 
state from 53 to 20% of the activity, without any loss in total 
activity. The basic polyelectrolyte, polyvinylamine, and the 
nonionizable polyvinyl alcohol did not have any effect on the 
proportion of the enzyme present in the y- state. 

Optical Rotation of Penicillinase 

Proteins possess in their molecules areas of regularity, due to 
their secondary and tertiary structure, and measurements of the 
optical rotation (15, 16) reflect the extent of the macromolecular 
asymmetry. In view of the changes in the conformation of 
proteins brought about in many cases by urea or guanidine hy- 
drochloride and reflected in optical rotatory properties (5, 17, 18), 
it seemed of interest to examine the optical rotation of penicil- 
linase under conditions causing changes in the type of enzymatic 
activity. Table IV summarizes the results obtained. 

Penicillinase in the a-state has a low levorotation, which in- 
creases slightly upon conversion to the y-state. A high concen- 
tration of guanidine hydrochloride brings about an increase in 
the levorotation of penicillinase to a value similar to those of 
other denatured, unfolded, proteins. Under these conditions 
penicillinase is enzymatically inactive. 

A significant increase in the levorotation was also obtained 
when the optical rotation of penicillinase was measured in dilute 
alkali. Under these conditions the enzyme changes to a form 
which is, after neutralization, active and sensitive to iodine (2). 

Effect of DFP 

Penicillinase cleaves an amide bond in penicillin. Several 
hydrolytic enzymes acting on peptide (amide) bonds are inacti- 
vated by DFP (19), whereas others, e.g. carboxypeptidase (20), 
maintain their activity in the presence of this reagent. It 
seemed, therefore, of interest to see if penicillinase, either in a 
or state, is inactivated by DFP. 

DFP, dissolved in isopropanol, was preincubated with penicil- 
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3.3 M NaCl 5 
0.038 M NaOH | 60 
60 


C | 0.08 n NaOH 


PENICILLINASE ACTIVITY-UNITS /ML 
8 


4 
\ 


1 


MOLARITY OF SODIUM CHLORIDE 
Fido. 3. Assay of penicillinase in increasing concentrations of 
sodium chloride. A——A, total activity; iodine-re- 
—— a-type activity; O——O, iodine-sensitive, y-type ac- 
ty. 


linase in water, 0.5% gelatin or 2 M guanidine hydrochloride, 
at 25° for 3 hours, and the enzymatic activity of penicillinase was 
subsequently measured iodometrically. It was found that 0.001 
u DFP failed to inhibit either the a or the y state of penicillinase, 
even when tested at an excess of 10,000 moles DFP per mole of 
penicillinase. This suggests that no reaction with the active 
site has occurred. 


— 


The interconversion of the iodine - resistant and the iodine- 
sensitive forms of exopenicillinase may be accomplished with no 
appreciable changes in the total enzymatic activity. It follows, 
therefore, that the specific activity of the two forms of the en- 
syme is practically identical. 

The optical rotation of penicillinase changes in the presence 
of urea and guanidine hydrochloride and parallels the iodine 
sensitivity of the enzyme. Up to a certain concentration these 
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III 
Effect of electrolytes 
2 „ shift | 7 ~a shift 
Activiey | Activity 
Incubated at 30° i — Assayed in — 
pH 
0 * 2 M NaCl 26 
| 0.04 u phosphate 7.0 36 
| buffer 
4 | 0.04 u phosphate 7.0 72 15 
| | | buffer and 0.6 
Nad 
D | 0.038 n NaOH | 60 0.04 u phosphate 7.0 74 11 
and 0.6 mu buffer 
NaCl 
| E | 3.5 u urea 5 37114 1 « NaCl and 3.5 73 57 
| | urea 
B 
— 
a. 
— 2 3 
of 
» lo- 
ype 
ity 
5 24 DISCUSSION 
2 36 
3 27 
7 
2 
19 


TaBLe IV 
Optical rotation of penicillinase 
Solutions of 0.4 to 1.1%. 


Solvent Type of activity lal 
Phosphate buffer, pH 7,0.05m...... a —26° 
Guanidine hydrochloride, 1.8 m..... 7 —53° 
Guanidine hydrochloride, 5.8m.....| inactive —112° 
Urea, 7 u (and 0.05 m phosphate buf- 
—57° 
Sodium hydroxide, 0.027 m......... —79° 


reagents cause almost no loss in total activity but bring about a 
complete change from iodine-resistant to iodine-sensitive type 
of activity. From the optical rotatory measurements it may be 
concluded that a small but definite change occurs in the configura- 
tion of the molecule. A drastic change in the configuration of 
penicillinase, at high molarities of the hydrogen bond-breaking 
agent, brings about the complete inactivation of the enzyme. 

The configurational changes of penicillinase induced by moder- 
ate concentrations of urea or guanidine hydrochloride are easily 
reversed upon dilution as shown both by the antigenic identity 
of the recovered enzyme and by its resistance to iodine. 

It is quite possible that the small conformational changes in 
the architecture of the enzyme have no influence on the configura- 
tion of the catalytic site of penicillinase, and resulted only in the 
exposure of a grouping sensitive to iodine. On the other hand 
it is conceivable that the identity of the kinetics of the two types 
of the enzyme is due to the fact that the enzyme in the y-form 
reverts in the presence of the substrate to the a-form, a situation 
not unlike that observed in the case of ribonuclease (5), where 
the modified molecule reverts to the enzymically active con- 
formation through contact with the substrate. The results of an 
investigation of the effect of penicillin on urea-modified penicil- 
linase (11) are consistent with such an interpretation. 

Penicillinase is a basic protein in which lysine and arginine 
account for one-fourth of its total nitrogen. Basic polypeptides 
such as polylysine are known to be strongly adsorbed on glass 
(21) and it is thus not surprising that glass surface adsorbs 
penicillinase. Under these conditions penicillinase is converted 
into the iodine-sensitive form. The extent of conversion varied 
in different enzymatic experiments from 20 to 50%. On addi- 
tion of salt or of gelatin, penicillinase reverts almost completely 
to the iodine-resistant form. 

The various transformations of the activity of penicillinase, 
described in this article, are essentially in accord with the follow- 
ing summarizing scheme: 

Yreversible — YVirreversible 


= inactive reibe INACtIVE irreversible 


The only exception to this scheme has been observed when a 


2 8. Jacobs, private communication. 
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solution of penicillinase in 3.3 1 NaCl was diluted to 2 M NaC] 
(Table III). In this case it seems that a reversion has to some 
extent occurred from an inactive to an iodine-resistant, a-type 
enzyme. 

The observations on the reversible and irreversible transition 
to the iodine-sensitive form of exopenicillinase may prove rele- 
vant to the mechanism of formation of the cell-bound enzyme, 
-penicillinase, which, according to the view presently main- 
tained (22) is an irreversibly iodine-sensitive derivative of 

SUMMARY 


1. A method of purification of the exopenicillinase of Bacillus 
cereus is described. The substance was characterized by elec- 
trophoresis on polyvinyl particles and by sedimentation. 

2. Penicillinase changes from an iodine-resistant to an iodine- 
sensitive state in urea or guanidine hydrochloride. This change 
is reversible up to a certain concentration of the hydrogen bond- 
breaking agent, and becomes irreversible above this concentra- 
tion. Higher molarities cause a complete loss of the enzymic 
activity. 

3. As judged from optical rotatory measurements, a small but 
definite change in the configuration of the penicillinase molecule 
occurs upon the conversion from the iodine-resistant to the 
iodine-sensitive type of activity. The inactivation in high 
molarities of the hydrogen bond-breaking agent is accompanied 
by a drastic change in configuration. 

4. The iodine-resistant form of penicillinase is stabilized by an 
increase in ionic strength, or by addition of acidic polyelectro- 
lytes. 

5. Neither form of penicillinase is inactivated by diisopropyl 
phosphorofluoridate. 
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Minute concentrations of cadmium have been found in tissues 
and fluids of many species, leading to the alternate suggestions 
that this element might be a normal constituent of biological 
matter or a spurious contaminant (1-3). There have been no 
data to support either hypothesis. 

The specific association, in the native state, of a metal with 
a biological macromolecule is an important first step toward the 
eventual definition of the biological function of such an element 
(4). The present study-reports the isolation and characteriza- 
tion of a protein from equine renal cortex which contains 2.9% 
of cadmium, 0.6% of zinc, and 4.1% of sulfur per g dry weight 
of protein. This protein has been termed metallothionein in view 
of its metal and sulfur content. Preliminary accounts of its 
characteristics have been given (4, 5). 


EXPERIMENTAL PROCEDURE 


All solutions were prepared in metal-free water, obtained by 
slow passage through a mixed cation-anion exchange resin (6). 
The metal content of analytical grade reagents, employed in 
preparative and analytical procedures, was determined by emis- 
sion spectrography (7); the reagents were purified when necessary 
and stored in polyethylene containers. All glassware, poly- 
ethylene, and dialysis tubing were cleaned as previously described 
(8). pH was measured at room temperature with a Beckman 
model G pH meter. 

Samples for metal analyses were dry-ashed at 450° in a thermo- 
statically controlled electric muffle furnace, and the ash was dis- 
solved in 6 n HCl and analyzed by emission spectrography (7). 
Cadmium and zinc were also determined microchemically (9-11). 
Protein concentration was determined gravimetrically after pre- 
cipitation with trichloroacetic acid and drying at 104° (12). 
Nitrogen was measured colorimetrically with Nessler’s reagent 
after micro-Kjeldahl digestion. Sulfur analyses were performed 
by a complexometric titration of sulfate (13, 14) after combus- 
tion of the organic matter in a Schéniger-Thomas combustion 
flask (Arthur H. Thomas Company) (15). The content of re- 
active sulfhydryl groups was determined by amperometric ti- 
tration with silver ions in Tris buffer (16) and by photometric 

* This work was supported by the Howard Hughes Medical In- 
stitute, by grants-in-aid from the National Institutes of Health of 
the Department of Health, Education and Welfare, No. H3117(C1), 


and by the National Science Foundation. 
t Fellow of the Kettering Foundation, Dayton, Ohio. 


titration with p-chloromercuribenzoate (17). Phosphorus was 
measured as phosphate after oxidation of the organic material 
with hot HNO, (18). Carbohydrates were estimated by meth- 
ods specific for ribose (19), hexose (20), hexosamine (21), uronides 
(22), and sialic acid (23). 
paper chromatography in butanol-acetic acid and phenol-an- 
monia systems (24) after hydrolysis with formic acid and HCl 
(25). The sulfhydryl groups of the hydrolysate were made to 
react with N-ethylmaleimide (26) to prevent trailing of cysteine 
on the chromatogram. The air-dried chromatograms were 
stained with 0.25% ninhydrin in acetone. 

Absorption spectra were determined at room temperature with 
a Cary model II recording spectrophotometer. Paper electro- 
phoresis was performed at 4° in a horizontal strip-type apparatus 
constructed in this laboratory (27). Aliquots of protein, 50 yg, 
were placed on paper strips (Whatman No. 3) and subjected to 
a steady current of 0.5 mA per cm of width of paper for 16 hours. 
After air drying, the chromatogram was divided into two longi- 
tudinal strips; one was stained with bromphenol to localise 
protein and the second was subdivided to coincide with specific 
protein fractions, dry-ashed, and analyzed for cadmium. Pro- 
tein-bound sinc was stained in situ by a spot test. A dried 
paper electrophoresis strip was soaked in 0.008% diphenylthio- 
carbazone (dithizone) in chloroform and made alkaline by the addi- 
tion of a few drops of concentrated ammonia. After air drying, 
the paper strip was dipped in 0.5 M sodium acetate, pH 5.5. A 
characteristic wine red color identifies and localizes zinc. Its 
intensity allows a semiquantitative estimation of the amount of 
the element bound to protein. Sedimentation studies were con- 
ducted in the Spinco model E ultracentrifuge at 5-10° in a syn- 
thetic boundary cell at a rotor speed of 59,780 r.p.m. Before 
ultracentrifugation, all samples were dialyzed against 0.05 1 
sodium phosphate buffer, pH 7.0, for at least 20 hours. The 
dialysate served for the formation of the synthetic boundary. 
The sedimentation values (82) were corrected for the effect of 
temperature on the viscosity of water. 


Isolation and Purification of Metallothionein 
A schematic diagram of the fractionation procedure is shown 
in Diagram 1. Five frozen horse kidneys are thawed for 15 to 
18 hours at 4°. The cortex is removed, cut into small strips, 
and passed through a meat grinder. The homogenate is ex- 
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Sharples centrifuge (30,000 r. p. m. at a flow rate of 100 ml per 
minute). 

The clear, yellow Supernatant II is dialyzed for 16 hours at 

. 4° against two changes of a 5-fold volume of 0.05 M sodium phos- 

After removal of the precipitate formed during dialysis, the 

— „„ 

ce casings or against a 

Extraction by phosphate buffer 2. fold volume of saturated ammonium sulfate to achieve 66% 


Filtration through Saran screen ation. The heavy Precipitate IV formed during dialysis 

9 „Filtrate is separated by filtration through Whatman No. 40 paper. 
| The clear filtrate (Supernatant IV), greatly decreased in vol- 
: . Cen ume due to the osmotic effect of the ambient ammonium sulfate, 
— | Comniuention ia further dialysed for 16 hours against 8 volumes of saturated 
Supernatant I ammonium sulfate at pH 7.1. Solid ammonium sulfate is then 


added to yield 100% saturation both of the contents of the di- 
+ ethanol alysis sac and of the dialysate. The pH is monitored during 
| dialysis and changes are prevented by the dropwise addition of 


* Precipitate II — + chloroform concentrated ammonia. 
neth. | Geneon The white Precipitate V is collected by centrifugation in a 
nides Spinco model L ultracentrifuge, at 30,000 x g for 60 minutes, 
Supernatant II dissolved in 0.05 M sodium phosphate, pH 7.0, and dialysed for 
‘onal } 3 days against daily changes of 1 liter of the same buffer. 
aa Dialysis against The precipitate which forms during dialysis is removed by 
He} | Precipitate III phosphate buffer centrifugation at low speed, and the slightly yellow Supernatant 
le to — VI is either stored at 4° or dialyzed for 2 days against distilled 
seine H,O and lyophilized. The lyophilised material is stable when 
— Supernatant III stored at 20. 
Ammonium sulf- RESULTS 
with ate fractionation 
ctro- preeipitate IV Dialysis to 66% Metal analyses of the fractions obtained during purification 
ratus saturation are shown in Table I. The cadmium content (Column 4) rises 
O pg, Filtration from 550 yg per g of dry weight of protein in horse kidney cortex 
ad to 1 to 33,600 ug per g in Fraction VI, henceforth referred to as metal - 
ours. Supernatant IV lothionein; the rise represents a 61-fold enrichment. Simulta- 
ongi- neously, the concentration of zinc (Column B) increases 35-fold, 
-alise Ammonium sulf- from 192 to 6720 ug per g. Chromium, iron, manganese, and 
ecific ate fractionation — strontium (Columns C to P), present in the initial material, are 
Pro- | Supernatant V. Dialysis to 100% removed during fractionation. The initial concentration of alu- 
dried . sae minum, barium, calcium, and magnesium (Columns G to J) 
thio- — do not change significantly during fractionation. On a molar 
addi- Precipitate V basis, cadmium and zinc are aggregated 38- and 23-fold during 
ying, purification when compared to the sum of all other metals (Col- 
protein are shown in Table 
ts i jum, zinc, are 
II. The last fraction (Fraction VI), metallothionein, contains 
con- 19% of the total cadmium and 12% of the total sinc content of 
syn- t VI cortex. The final protein weight corresponds to 0.4% of the 
efore (metallothionein) initial dry weight of horse kidney cortex. 
05 U In 10 different preparations, cadmium and zine are the main 
The metal constituents of metallothionein (Table III). By spectro- 
lary. tracted with an equal volume of 0.05 u. sodium phosphate buffer graphic analysis, the cadmium content varies from 22,200 to 
ct of f for 13 hours at 4°. To remove the remaining small particles, 40,900 ug per g of protein, the mean being 27,300. Microchemi- 
the slurry is strained through a Saran screen followed by centrif- cal measurements, in good agreement, range from 22,400 to 
ugation in a Sharples centrifuge cooled with ice water (18,000 43,200 ug per g with a mean of 29,100 wg per g. Zinc measured 
r. p.m. at a flow rate of 150 ml per min) to yield Supernatant I. spectrographically, varies from 3760 to 7610 ug with a mean of 
om With continuous stirring, 1.2 parts of 95% ethanol, followed 5260 g per g. The colorimetric data obtained on five prepara- 
15 tof by 0.094 parts of chloroform, both prechilled to —20°, are added tions range from 4870 to 7250 yg per g with a mean of 5060 yg 
rips, | dropwise to the turbid Supernatant I at 0 to —5°. The massive, per g. 
3 ex | brownish Precipitate II is separated by centrifugation in a Aluminum, barium, calcium, magnesium, and iron are present 
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TABLE I 
Metal content of fractions attending purification of metallothionein 


Metal content is given in micrograms per gram of dry weight of material precipitated by 10% trichloroacetic acid, except in the 
cortex itself, where it is based on dry weight of whole tissue, and Columns K and L. 
1 A B C D E F G H I J x E 
raction Cd Zn Cr Fe Mn Sr Al Ba Ca Mg iMe* =Me 
moles/mole 
D 550 192 5 | 280 7 2 10 4 520 | 550 | 0.12 | 0.07 
I. Buffer extract................ 1,110 448 11 698 14 4 10 15 1,050 840 0.13 0.09 
II. Supernatant of ethanol-C HCl, 
precipitation............... 11,500 | 3,580 68 | 818 — — 94 | 35 — 750 2.0 1.1 
III. Supernatant after dialysis....| 11,200 | 3,450 74 | 258 — — | 215 61 772 470 1.9 1.0 
IV. Supernatant of 66% (NH.) 
SO, precipitation.......... 17,400 | 5,090 122 | 481 152 | 26 98 70 | 3,820 | 650 1.1 0.6 
V. (NH.) S0. precipitate, 100%..| 24,000 | 5,750 56 — — — 9 20 1,850 560 | 3.0 1.2 
VI. Supernatant after dialysis 
(metallothionein).......... 33,600 | 6,720 — — — — 109 26 1,170 781 4.5 1.6 


* Molar sum of all metals, except Cd and Zn. 


», not detected, also Ag, B, Be, Co, Hg, Li, Mo, Ni, Pb, Sr; the spectrographic technique (7) does not permit the determination 


of copper. 
TABLE II 
Representative yields in isolation of metallothionein 
Trichloro- 
Fraction Cadmium Zinc | acetic acid 
precipitate 
% % % 
I. Buffer extract.................... 58 60 22 
II. Supernatant of ethanol-CHCl; 
precipitation................... 50 52 1.9 
III. Supernatant after dialysis........ 44 40 1.4 
IV. Supernatant of 66% (NH.) S0. 
precipitation 23 16 0.6 
V. (NH.) S0. precipitate, 100%...... 20 15 0.4 
VI. Supernatant after dialysis (metal - 
e 19 12 0.4 


The precipitate obtained after treatment with 10% trichloro- 
acetic acid is measured gravimetrically except for the cortex 
itself, which is measured by dry weight of the whole tissue. 


in all samples, although in very variable concentrations. Stron- 
tium, chromium, and lead occur sporadically. 

The nitrogen content of seven preparations varies from 11.7 
to 14.3%, with a mean of 13.2%. Paper chromatography after 
acid hydrolysis shows the presence of glycine, alanine, leucine, 
serine, threonine, cysteine, aspartic acid, glutamic acid, lysine, 
arginine, and histidine. This amino acid composition is distinc- 
tive, as indicated by the failure to detect aromatic amino acids 
and the large number of cysteine residues in these preliminary 
observations. The cysteine content is confirmed independently 
by silver and p-chloromercuribenzoate titrations of the intact 
protein. These data, obtained on four different preparations, 
are shown in Table IV. The titration of four to five —SH groups 
per mole of cadmium corresponds to a content of total sulfur 
varying from 3.2 to 5.7%. Analysis of an aliquot of metallothi- 
onein of Preparation No. 13 for elementary sulfur revealed the 
presence of 4.1% sulfur. 

A preparation of metallothionein contained 0.023% phosphate, 


about 1% hexosamine, 1% hexose, and 0.75% sialic acid. Anal 
yses for ribose and uronides were negative. 

The lyophilized material remains soluble on storage. Judged 
by its solubility, the protein denatures irreversibly when dis 
solved and stored at 4° for periods longer than 6 weeks, although 
its metal composition does not change. Slow freezing and thaw. 
ing as well as heating to 100° similarly results in irreversible 
denaturation. Zinc and cadmium are removed differentially a 
a function of hydrogen ion concentration. Fig. 1 shows the con- 
centration of nondialyzable protein-bound zinc and cadmium in 
percentage of the initial concentrations and as a function of the 
pH of dialysis. Both zinc and cadmium are dialyzable at acid 
pH although to different degrees; 50% of zinc is removed at pH 
4.6, whereas 50% of cadmium is not removed until pH 3.5. Re- 
moval of cadmium therefore requires more than a 10-fold higher 
concentration of hydrogen ions. The protein concentration and 
the number of sulfhydryl groups titratable with Ag“ and p-chloro- 
mercuribenzoate remains unchanged after removal of metals. 

Dialysis of metallothionein (1.11 mg in 1.5 ml) against 20 ml 
of 1.25 X 10-* u AgNO; in 0.1 M Tris-nitrate buffer, pH 7.5, re- 
sults in complete displacement of cadmium and of zinc from the 
protein. Analogous results were obtained when the protein was 
exposed to 5 X 10-* M p-chloromercuribenzoate in 0.1 M Tris 
nitrate buffer, pH 7.0. 

The competition between zinc and cadmium for the binding 
sites on the protein was examined by dialysis of the protein 
against 5 & 10-* u Cd and Zn“ at pH 7.1. Whereas dialysis 
against zinc ions did not affect the cadmium content, dialyss 
against cadmium ions displaced the zinc originally bound to 

Consistent with a very low content or absence of aromatit 
amino acids, there is no maximum of absorption between 28 
and 290 my. Below 270 my the absorption increases markedly 
to form a broad shoulder with a maximum at 250 my. The 
extinction at 250 my is proportional to the cadmium content 
A broad continuum, falling toward longer wave lengths, is the 


1 A preliminary account of these findings has been given (28). 
A more detailed report is in preparation. 
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III 
Metal content of metallothionein of 10 different and consecutive preparations of Fraction VI 
n the All values are in micrograms of metal per gram of dry weight of material precipitated with 10% trichloroacetic acid; metals are 
determined by spectrography. Zinc and cadmium were also determined chemically as indicated. 
a Metal 1 2 3 4 3 6 7 8 9 10 
„ 0005s 24,200 | 24,600 | 23,300 | 40,900 | 25,400 | 25,800 | 23,100 | 33,600 | 24,200 | 27,600 
* Cadmium (chemical). 22,400 | 25,000 | 30,400 | 43,200 | 27,600 | 32,400 | 27,000 | 27,500 | 24,100 | 31,600 
. O7 D 5, 880 4,060 5,380 7,610 3,760 4,120 5,260 6,720 4,470 5,300 
. 00 Zinc (chemical) 17 t t t 4,870 5,930 5,000 7,250 t 6,730 
Aluminum.............. 710 450 110 420 380 260 300 110 100 120 
1 1 71 150 21 67 34 34 — 26 17 44 
0 DD 1,500 5, 310 — — 1,810 1,530 2,900 1,170 1,070 280 
Magnesium............. 140 1,710 590 1,030 320 300 3,400 780 — 60 
. 6 D — 1,940 800 2,080 1,130 920 1,210 — 390 250 
2 Strontium — 49 — — — — — — 2 6 
Chromiu m — — 110 190 — — 220 — 33 9 
6 t — — — — — — 1,280 — 340 — 
, Not determined. 
ation , Not detected. 
inactive when tested for d- aminolevulinic acid dehydrase, pentose 
Anal isomerase, or ethanol, malate, and glucose phosphate dehy- 
= co drogenase activity. The conversion of CO; + H,O to H. CO,. 
idged 8 was accelerated slightly. Compared to the activity of crystal- 
1 dis 2 80. line ox erythrocyte carbonic anhydrase (Worthington Biochemi- 
ough 2 cal Corporation), the total activity found would account for 
haw. 9 20 about 2% of the total dry weight of metallothionein. 


6 4 2 
pH 

Fic. 1. Loss of cadmium and zine by dialysis as a function of 
pH. Metallothionein, in 6.4 ml volumes, (0.69 mg per ml) was 
dialyzed for 24 hours at 4° against 800 ml volumes of buffers at 
pH values ranging from 2.5 to 8.0; 0.05 M Tris-hydrochloride, from 
pH 6.5 to 8.0, 0.05 M sodium acetate from pH 4.0 to 6.0 and 0.05 M 
ammonium citrate from pH 2.5 to 4.0. Control dialyses were 
performed with all three buffers adjusted to pH 7.0 to eliminate 
buffer ion effects. The dialyzed samples were ashed and analyzed 
for cadmium and zinc. @——@, percentage of nondialyzable, 
protein-bound cadmium; A——A, percentage of nondialyzable, 
protein-bound zinc. 


only absorption in the visible part of the spectrum which can 
be held accountable for the slightly yellow color of the protein. 
On paper electrophoresis (0.05 M Veronal buffer, pH 8.6) metal- 
lothionein contains three components. The main component 
(85% of total protein) and one minor component, containing 
both cadmium and zinc, migrated toward the cathode. A sec- 
ond minor component, migrating toward the anode, did not con- 
tain metal. The isoelectric point of the metal-containing ma- 
terial was estimated from paper is in various buffers 
ranging from pH 4.5 to 8.6. With corrections for the electro- 
osmotic effect in 0.05 mu sodium acetate, the minimal mobility 
of the metal-containing material was between pH 4.5 and 5.5, 
bracketing the isoelectric point. 

A single boundary characterized the sedimentation analysis 
of all preparations. The 82 values varied from 1.82 to 2.18 


l (0.05 . sodium phosphate, pH 7.0), except for a value of 2.57 
in a single preparation. 
(28). The search for a specific enzymatic activity of this material 


has not been successful so far. The protein was catalytically 


The selective accumulation of a specific metal in the course of 
purification of a protein, while other metals and proteins are 
being eliminated, constitutes the operational means for the iso- 
lation of a metalloprotein (4). The purification and isolation of 
such a metalloprotein is guided by quantitative metal analyses; 


. The rise in the metal to protein ratio 
here reported exemplifies the general principle, and is, in fact, 
the only index of the existence of this macromolecular species of 

Heretofore, cadmium has not been found as part of a macro- 
molecule in nature, nor has it been shown to serve a specific, 
biological role. The identification of a number of sinc metallo- 
enzymes (30) has served as a reminder of the parallelism between 
the chemical characteristics of zinc and cadmium, based on the 
similarities of their atomic structures, and suggested a search 
for a possible biological function of cadmium. The detection 
of the present cadmium-containing protein appears to be a first 
step in this direction. 

Although the existence of traces of cadmium have been re- 
ported in various tissues of different species, the concentration 
of the element in kidney conspicuously exceeds that of all other 
organs. The element is found primarily in the cortex. Horse 
kidney cortex was chosen as a starting material because of its 
exceptionally high content (4). 

Fractionation with ethanol, chloroform, and ammonium sul- 
fate effectively eliminates extraneous proteins in a minimal num- 
ber of steps and has proven useful for the isolation of a number 
of proteins of relatively small molecular weight from tissues (31, 
32). There is a single peak on ultracentrifugation. However, 
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Taste IV 
Reactive sulfhydryl groups in purified metallothionein (Fraction 
VI) and correlation to cadmium content 


—SH* —SH* 
Protein’ Cadmium? 
Prepara tion 
umoles/¢ moles/mole 
8 1100 960 | 4.58 | 4.00 
9 1250 | 1010 | 5.13 | 4.12 
12 1710 | 178: | 4.34 | 4.82 
13 1020 ‘ 4.45 ‘ 


*—SH groups were measured by silver and p-chloromercuri- 
benzoate titration. 

* Protein was measured gravimetrically after precipitation with 
10% trichloroacetic acid. 


Not determined 
by paper is, one major and two minor components 
are demo which could not be separated further by the 


fractionation procedures employed. The final product, there- 
fore, is not as yet homogeneous, and increasing purification 
should result in a yet higher metal content. Separation by 
other techniques is now in progress. 

The cadmium content of this protein (2.9%) is higher by an 
order of magnitude than that of any known metalloenzyme; 
only the iron content of ferritin exceeds that encountered here, 
although the nature of the metal-protein interaction differs so 
markedly that a direct comparison of these two substances would 
not seem justifiable. 

Jointly with cadmium enrichment, the zinc concentration rises 
throughout fractionation up to 0.6%. In contrast to cadmium, 
zinc is ubiquitous in mammalian organs; however, zinc is not 
likely to be associated with an impurity, extraneous to the cad- 
mium-containing moiety, since both cadmium and zinc are pres- 
ent in the major electrophoretic constituent in the same propor- 
tion as is found in the total material. They may both interact 
with the same binding site,? replacing one another isomorphically, 
as has recently been observed by x-ray diffraction in glycine 
complexes (33). The remarkably high yield of cadmium in the 
final material implies that most, if not all, of the cadmium of 
kidney cortex is bound to this protein. On the assumption that 
100% of cadmium is bound to this protein and with the ratio of 
zinc to cadmium in the purified product, as much as 60% of the 
zinc of the organ is accounted for by this compound. 

The elementary composition of the protein is similarly unusual. 
The nitrogen content (13.2%) is low compared to that of most 
proteins. Aromatic amino acids are almost completely absent, 
accounting for the lack of absorption of radiation at 280 mu 
which is similar to collagen and clupein. The sulfur content of 
4.1%, however, is unusually high. It is accounted for by the 
large numbers of cysteine residues present, demonstrated both 
directly by paper chromatography and by titrations of —SH 
groups with Ag“ and p-chloromercuribenzoate. The predomi- 
nance of cysteine in this protein strongly suggests —SH groups 


* As an alternate possibility the two metals may be bound in- 
dependently to the protein through 
specific for one of the two elements. 


different binding sites, each 
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as binding sites for cadmium and zinc. This conjecture is sup- 
ported by a variety of facts. In successive preparations of pro- 
tein of differing purity, the ratio of —SH groups, titratable with 
silver or p-chloromercuribenzoate, to the number of gram atoms 
of cadmium is about 4:1 (Table IV). When compared to the 
molar sum of all metals present, there are about three —SH 
groups per gram atom. This is sufficient for the binding of all 
of the cadmium and zinc present. Dialysis against Ag*, or 
p-chloromercuribenzoate, reagents with higher affinity for —SH 
groups than Cd**+ and Zn, displaces both metals from the 
protein.“ The preponderance of cadmium over zinc in the 
protein is consistent with the association constant of cadmium 
mercaptides which is higher than that of zinc mercaptides in 
simple systems (35). This is confirmed experimentally by the 
displacement of protein-bound zinc by Cd** ions. Under identi- 
cal conditions protein-bound cadmium is not displaced by Zn“ 
ions. Similarly, the differential removal of the two metals 
as a function of pH is consistent with mercaptide bonding (Fig. 
1). Moreover, the competition of hydrogen ions for the binding 
site allows an approximate calculation of the binding constants 
of the two metals. Assuming binding of each metal atom to a 
pair of —SH groups with an estimated pK. of 9, the association 
constants for cadmium and zine were determined in a manner 
analogous to that applied for zinc binding to the imidazol groups 
of insulin (35). Values of approximately 10" and 10" for cad- 
mium and zinc, respectively, were calculated from the hydrogen 
ion concentration required for 50% removal of the metal (Fig. 1). 
These values, which neglect electrostatic factors and specific 
effects of buffer ions coincide with the range which would be ex- 
pected from k,, the first stepwise association constants for simple 
cadmium and zinc mercaptides (35). 

Even though metallothionein represents 1 to 2% of the total 
weight of soluble protein in kidney cortex, efforts to identify its 
biological function have not been successful thus far. Its phys- 
ical characteristics are consistent with a role in a wide range of 
potential homeostatic mechanisms, either in catalysis, storage, 
immune phenomena, or detoxication. At first glance, the high 
concentration and localization of cadmium in kidney cortex might 
indicate a role characteristic of this tissue. The fact that rats 
develop their ability to retain renal cadmium as a function of 
age also points in this direction (36). It should be remembered, 
however, that the element also occurs in other organs, such as 
the liver, albeit in much lower concentrations. On the assump- 
tion that all of the cadmium in the organism is bound to the same 
protein, a lower tissue concentration may merely suggest a lower 
concentration of the protein, but not necessarily a lesser content 
in the total organ. Since the mode of occurrence of cadmium 
in other organs has not been studied, the localization in kidney 
can only serve as a tenuous basis for a functional hypothesis. 

SUMMARY 

Metallothionein, a protein of small molecular weight, isolated 
from equine renal cortex contains 2.9 % of cadmium, 0.6% of 
zinc, and 4% of sulfur. The protein, homogeneous on ultracen- 
trifugation, but containing minor impurities on electrophoresis, 
does not absorb radiation at and near 280 my, corresponding to 


»The Ag“ and p-chloromercuribenzoate titrations repo rted for 
this protein are thus considered to measure both the — and the 
metal bound —SH groups of the protein in a manner similar to 
that reported for Ag* titrations of hemerythrin (34). 
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a very low content of aromatic amino acids. A large number of 
cysteine residues account for the high sulfur content. The stoi- 
chiometry between titratable —SH groups and metal atoms, the 
displacement of the metals by —SH specific agents, and the 
selective removal of sinc and cadmium by hydrogen ions, all 
suggest isomorphous binding of the two metals to the protein 
through mercaptide linkages. 

Although the biological function of metallothionein is not 
known thus far, the specific association of cadmium with this 
macromolecule suggests a biological role of this cadmium-con- 
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The Oxidation of o-Aminophenols by Cytochrome c 
and Cytochrome Oxidase 


III. 2,3-FLUORENOQUINONE FROM 2-AMINO-3-FLUORENOL AND BINDING OF QUINONOID 
OXIDATION PRODUCTS TO BOVINE SERUM ALBUMIN* 
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The o-aminophenols, 2-amino-1-fluorenol, 3-hydroxy-4-amino- 
biphenyl, and o-aminophenol itself, are readily oxidized by cyto- 
chrome c and rat kidney (or rat liver) mitochondria or by cyto- 
chrome c and soluble cytochrome oxidase to colored dimeric 
products which have been identified as indophenols or isophe- 
noxasones, or both (1, 2). This dimerization may be explained 
satisfactorily by the transitory existence of o-quinoneimines, the 
primary oxidation products of o-aminophenols. 2-Imino-1 ,2- 
fluorenoquinone, the primary oxidation product of 2-amino-1- 
fluorenol, was found to bind extensively to bovine serum albumin 
in a model system (1). 

In the present report the enzymatic oxidation product of 2- 
amino-3-fluorenol, an o-aminophenol isomeric with 2-amino-1- 
fluorenol, has been identified as 2,3-fluorenoquinone, and evi- 
dence is presented that the enzymatic oxidation product interacts 
with bovine serum albumin. 2-Imino-2,3-fluorenoquinone,' the 
primary oxidation product of 2-amino-3-fluorenol, which was 
synthesized and characterized in this study, was also bound to 
albumin in model experiments. 

EXPERIMENTAL PROCEDURE 

Conditions of Incubation, Analysis of Incubation Systems by 
Spectrophotometry and Paper Chromatography—The conditions for 
the oxidation of o-aminophenols by cytochrome c and cytochrome 
oxidase as well as the methods used for the isolation of products 
for spectrophotometry and paper chromatography have been 
described previously (1). In a number of experiments, a sat- 
urated aqueous solution of potassium ferricyanide (100 ul) was 
used in place of the enzyme system. The activity of the sol- 
uble cytochrome oxidase preparation (3) was 1.07 x 10 per 
second per ug protein. Paper chromatograms were developed 
on Whatman No. 1 paper with methanol-acetic acid-water 
(7:3:3). For identification, 10 ug of 2,3-fluorenoquinone in 
chloroform were run on separate strips simultaneously with the 
enzymatic oxidation products. During development of the chro- 
matograms, the yellow spots which were at first clearly visible 
had a tendency to fade. After chromatography, the spots were 


Supported by grants from the National Cancer Institute, 
United States Public Health Service (C-2571) and the Minnesota 
Division of the American Cancer Society. 

1 The following abbreviation is used: 2-imino-2,3-FQ, 2-imino- 
2,3-fluorenoquinone. 


visualized by spraying with 2, 4-dinitrophenylhydrasine reagent? 
or with a saturated ethanolic solution of p-dimethylaminoaniline 
hydrochloride. With the former reagent, the spots assumed a 
red color which darkened upon exposure to a current of warm 
air; with the latter, the spots showed the characteristic pink 
color of Wurster’s red. The sprayed chromatograms were read 
immediately, since the seagente the paper vay 
short time. 

Purification of Bovine Serum Albumin after Incubation by Ion 
Exchange Chromatography In experiments designed to demon- 
strate the binding of the enzymatic oxidation product of 2. 
amino-3-fluorenol to protein, sufficient albumin was added to 
the enzyme system to give aminofluorenol to albumin ratios 
ranging from 20 to 28. After incubation at 37° for 45 minutes, 
the mixtures were dialyzed at 4° against 14 liters of 0.005 1 
phosphate buffer, pH 7, in a rocking dialyzer. The dialyzed 
protein solutions were subjected to chromatography on double 
bed columns of diethylaminoethy] cellulose and Amberlite XE- 
64 ion exchangers prepared in the following manner. Diethyl- 
aminoethyl cellulose (3 to 5 g) was washed with 0.005 M phos- 
phate buffer, pH 7, until the pH of the wash solution was 8. 
The washed resin was applied as a slurry in buffer to columns 
(1.0 x 30 em) fitted on the bottoms with fritted disks, and 
the resin was then compacted with nitrogen under a pressure 
of 5 pounds per sq in. This process was repeated until a resin 
height of 18 to 19 em was reached. A thin layer of washed 
sand was introduced and the columns were further charged with 
Amberlite XE-64 (Na“ form, previously washed with buffer) 
in buffer; the resin was allowed to settle by gravity to a height 
of 6 em above the anion exchanger. The columns were equi- 
librated with more buffer until the pH of the effluent was 7 
(10 to 12 hours). The dialyzed protein solutions were delivered 
into the columns, the columns washed with 20 to 25 ml of buffer, 
and the proteins eluted with 0.2 M NaH,PQ,, pH 4.4, at an 
approximate flow rate of 28 ml per hour, 2-ml fractions being 
collected with the use of a drop counter and an automatic 
fraction collector. The retention volumes of the columns were 
approximately 15 ml. In control experiments, 70% of bovine 
serum albumin was recovered from the mixed ion exchange col- 
umns by this procedure. As reported by Margoliash (5), cyto- 


? Prepared by diluting the standard carbonyl reagent (4) 10-fold 
with 95% ethanol. 
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chrome c was retained by the Amberlite XE-64 as a brown 
topmost band and could not be detected spectrophotometrically 
in the effluent fractions. However, to prevent contamination 
of the eluate by trace amounts of cytochrome c, the Amberlite 
XE-64 was removed prior to elution of the albumin. The prog- 
ress of the elution was followed by measuring the absorbancies 
of the effluent fractions at 280 and 460 my. The latter wave- 
length was selected since the eluates exhibited a definite ab- 
sorption peak at 460 + 5 my. The protein content of the 
effluent fractions was estimated turbidimetrically by the pro- 
cedure of Hill et al. (6) except that the turbidity was meas- 
ured at 600 my instead of at 420 my in order to minimize the 
contribution of the color of the eluted proteins. However, some 
interference at 600 my was observed and appropriate corrections 
were applied. The absorbancies of standard albumin solutions 
at 600 my were linearly related to protein concentrations over 
the range of 0.067 to 0.67 mg albumin per ml. 

Preparation of Compounds—aAll melting points were taken on 
a Fisher-Johns melting point apparatus and are uncorrected. 
Infrared and electronic spectra were determined with a Beckman 
model IR-4 infrared spectrophotometer and a Beckman model 
DR recording spectrophotometer, respectively. 

N-(3-Acetory-2-fluorenyl)acetamide—2-Amino-3-fluorenol (25 
mg, 0.13 mmole) (7) was acetylated by heating with acetic an- 
hydride and pyridine in benzene. The crude product was re- 
crystallized from ethyl acetate-petroleum ether to give 29 mg 
(81% yield) of colorless needles, m.p. 233-234°. An analytical 
sample of the same melting point was obtained by recrystal- 
lization from benzene. Mr 275, 307 my (e, 22,500; 14,800); 
W 241, 298 my (e, 4,770; 12,700); Ma“ 3.09 ½ (N—H); 
5.64 wp (C=O); 6.03 uw (amide I); 6.49 uw (amide II). 


N 
Calculated: C 72.6, H 5.38, N 4.98 
Found: C 72.5, H 5.43, N 4.99 


1-Imino-1 ,2-naphthoquinone—This o-quinoneimine served as 
a model in many of the reactions studied and was prepared 
according to Liittringhaus and Wulff (8) by oxidation of 1- 
amino-2-naphthol with lead dioxide. The product was purified 
by sublimation and melted at 94-95° (reported 95°). Ethane! 
253, 259, 355, 381 my (e, 22,600; 25,000; 3,080; 3.040). 5 

Condensation of 1-imino-1 ,2-naphthoquinone prepared in situ 
from 0.01 mole of 1-amino-2-naphthol with o-phenylenediamine 
(0.01 mole) in ether gave bensolalphenazine, m. p. 142-144° (re- 
ported 141-141.5° (9)) in 39% yield.“ The electronic spectrum 
of the phenazine in methanol was identical to that reported 
(10). 

2-Imino-2 ,8-FQ—To a solution of 50 mg (0.25 mmole) of 2- 
amino-3-fluorenol in 40 ml of anhydrous ether in a centrifuge 
tube was added at once with vigorous shaking 0.75 g (3.1 mmole) 
of activated lead dioxide. The mixture was shaken for a total 
of 4 to 5 minutes; the solids were sedimented by centrifugation, 
and the clear, yellow-orange ethereal solution filtered. Evapora- 
tion of the ether under reduced pressure gave 38 mg (78% 
yield) of bright orange plates which decomposed without melt- 
ing at 110-120°. The quinoneimine was stable at room tem- 


* The ultraviolet spectrum of this compound has not been re- 
ported previously. 

‘ Orthoquinones readily yield phenazines when condensed with 
o-phenylenediamine. To our knowledge this is the first instance 
in which this reaction has been applied to an o-quinoneimine. 
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perature for several hours, but gradually decomposed to a brown 
solid after this time. For this reason the carbon, hydrogen, 
and Kjeldahl nitrogen analyses as well as the spectral deter- 
minations were all carried out within 2 hours after the quinone- 


imine was \Ethsnol 398, 438 my (e, 11,800; 3,600); 
6 10, 6.15 (C=O, C=N). 
CisH. NO 
Calculated: C 80.0, H 4.65, N 7.18 
Found: C 80.2, H 4.84, N 6.99 


Attempted preparation of a phenazine derivative by condensa- 
tion of the quinoneimine with o-phenylenediamine was not suc- 
cessful. 

Reduction of 2-Imino-2 ,3-FQ with Phenylhydrazine—To 32 mg 
(0.16 mmole) of 2-imino-2,3-FQ prepared as above in 10 ml 
of ethanol was added at room temperature, 8 ml of a freshly 
prepared 0.05 M ethanolic phenylhydrazine solution which was 
5% in acetic acid, whereupon gas evolution was observed and 
the orange color of the solution was discharged and converted 
to straw-yellow. After heating on the steam bath for 5 min- 
utes, the solvent was removed under reduced pressure and the 
viscous red residue diluted with water. The precipitated crude 
2-amino-3-fluorenol (30 mg; m. p. 190-200°; decomposition with 
sublimation above 170°) was collected and suspended in 5 ml 
of benzene and acetylated by heating with acetic anhydride © 
(0.5 ml) and pyridine (0.5 ml) for 4 hour. After removal of 
the solvent and decomposition of the excess acetic anhydride 
with water, the solid product was taken up in ethyl acetate 
and crystallized by the addition of petroleum ether (b. p. 30-60°), 
18.9 mg, m. p. 228-230°. A second crop, 5.3 mg, m. p. 228-230°, 
was obtained from the mother liquor by evaporating the solvent 
and purifying the dry residue by chromatography on acid-washed 
alumina with chloroform as eluent; total yield, 24.2 mg (52%). 
Reerystallisation from benzene raised the m. p. to 231-233°, un- 
depressed when mixed with the authentic sample. The infrared 
spectrum of this product in Nujol was identical with that of 
an authentic sample of N-(3-acetoxy-2-fluoreny])acetamide. 

Reductive Monoacetylation of 2-Imino-2 ,3-FQ with Acetaldehyde 
—The quinoneimine was prepared from 50 mg of 2-amino-3- 
fluorenol as described above. After removal of the excess lead 
dioxide, 1 ml of acetaldehyde was added to the ethereal solu- 
tion of the quinoneimine and the mixture allowed to stand at 
room temperature in a glass-stoppered Pyrex flask for 1} hours. 
The bright yellow color of the solution was discharged during 
this period and a light tan precipitate appeared. After the mix- 
ture had been concentrated to 10 ml, 20 ml of petroleum ether 
(b. p. 30-60°) was added and the precipitate was collected (28 
mg, m.p. 237-240° with decomposition). The mixed melting 
point with pure N-(3-hydroxy-2-fluorenyl)acetamide® was 242- 
245° with decomposition. The infrared spectrum of the reductive 
acetylation product in mineral oil was identical to that of the 
authentic sample. A second crop, 7 mg, decomposed at 210 
220°. Both crops were combined and recrystallized from eth- 
anol-water (charcoal added), to give 25 mg, m. p. 248-250° with 
decomposition, undepressed when mixed with the authentic sam- 


2 ,3-Fluorenoquinone by Hydrolysis of 2-Imino-2 ,3-FQ (Method 

*The reported melting points are 238° (decomposition) (7), 
237-238° (11). We have found that pure N-(3-hydroxy-2-fluore- 
nyl)acetamide (calculated for C. NO,: C, 75.3; H, 5.48; N, 
5.86; found: C, 75.4; H, 5.42; N, 5.99) melts at 248-2507 with de- 
composition 
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A)—2-Imino-2,3-FQ was prepared from 46 mg of 2-amino-3- 
fluorenol (0.23 mmole) as described above. Immediately after 
preparation, the yellow, crystalline quinoneimine was dissolved 
in 10 ml of purified dioxane (12) and the solution added drop- 
wise with rapid stirring and at room temperature to 35 ml 
of 0.1 u phosphate buffer, pH 8. After 15 minutes the dark- 
brown precipitate that formed was collected by centrifugation, 
dissolved in 10 ml of chloroform, and the solution dried over 
anhydrous sodium sulfate. The chloroform solution was filtered 
and 25 ml of petroleum-ether (b.p. 30-60°) were added to the 
filtrate. The resulting precipitate was redissolved in 10 ml of 
chloroform. Addition of petroleum ether (25 ml) yielded 10.7 
mg of dark brown quinone (24% yield) which was dried in a 
vacuum at 78° over phosphoric anhydride. The qualitative test 
for nitrogen (13) was negative. The compound charred when 
the temperature was raised above 120°, but did not melt up 
to 300°. The material was readily soluble in chloroform, but 
insoluble in ethanol, methanol, or water. — 450 mu 
(e, 4,150); Me 384 + 4 my (é, 3,020). 


C,;3H,O, 
Calculated: C 79.6, H 4.13 
Found: C 79.1, H 4.62 


2, 8-Fluorenoguinone by Oxidation of 2-Amino-3-fluorenol with 
Ferric Chloride (Method B)—Ferric chloride hexahydrate (380 
mg, 1.4 mmoles) was dissolved in 0.15 ml of concentrated hy- 
drochloric acid and 0.37 ml of distilled water by heating on 
the steam bath. When solution was complete, the mixture was 
cooled by the addition of an equal volume of crushed ice. The 
cold solution was poured with swirling into an aqueous solution 
of 2-amino-3-fluorenol hydrochloride which had been prepared 
by dissolving the hydrochloride (150 mg) in 30 ml of hot 0.05 
w hydrochloric acid, filtering, and cooling. The brown material 
which precipitated almost immediately upon addition of the 
oxidizing agent was collected, washed with 25 ml of distilled 
water, and dried in a vacuum over phosphoric anhydride at 
78° to give 113 mg of 2,3-fluorenoquinone (90% yield). The 
compound was readily soluble in chloroform and its behavior 
on heating was identical to that of the compound prepared 
— — contained no 
nitrogen. * 450 my (e, 3,810); Ania 383 my (e, 
2.080); 6.05 „ (C=O), 6.33, 6.38 (C=C). 

CisH 


Calculated: C 79.6, H 4.13 
Found: C 79.1, H 4.52 


This sample contained traces of iron as determined by the 
spot test with a,a’-dipyridyl (14). Attempts to purify the com- 
pound further by recrystallization caused extensive decomposi- 
tion as indicated by the loss of solubility in chloroform. It is 
clear from the spectral data that Method A yielded a purer 
product than Method B. Unlike 1,2-naphthoquinone which 
readily yielded a phenasine or semicarbazone,® 2, 3-fluorenoqui- 
none did not give well defined products in reaction with o- 
phenylenediamine or semicarbazide hydrochloride. 

2 ,3-Diacetyoryfluorene by Reductive Acetylation of 2 ,3-F luoreno- 
quinone—2 ,3-Fluorenoquinone (67 mg, 0.34 mmole), prepared 


* 1 ,2-Naphthoquinone semicarbazone has been reported to melt 
at 183-184° (15). An analytically pure sample (calculated for 
CH. N,. O,: C, 61.4; H, 4.21; N, 19.5; found: C, 61.2; H, 4.27; N, 
19.5) prepared in this laboratory melted at 192-193 (with sublima- 
tion above 175°). 


by Method B, was mixed in a test tube with 700 mg of ae. 
tivated sinc dust (16). Acetic anhydride (1 ml) and two drops 
of triethylamine were added and the mixture was agitated with 
a stirring rod. An exothermic reaction ensued and the color 
of the mixture changed from dark brown to light yellow. The 
reaction mixture was heated under reflux for 3 hour, during 
which time an additional 1 ml of acetic anhydride was added, 
The excess zinc was removed by filtration, washed with two 
2-ml portions of hot acetic acid, and the excess acetic anhydride 
in the combined filtrate and washings was hydrolyzed with water, 
The product which had precipitated was collected, washed with 
cold water, and combined with material from another run from 
61 mg of the quinone to give a total of 88 mg (40% yield) of 
2, 3-diacetoxyfluorene, m.p. 137-140°. Recrystallization from 
ethanol (charcoal added) afforded 60 mg, m.p. 142-143°. For 
analysis, a sample was sublimed at 120° at less than 1 u of mer. 
cury, and the sublimate was again crystallized from dilute 
ethanol to yield material melting at 145°. \ Ethanol 266, 297, 
309 my (e, 20,700; 8,650; 11,400); Ain 235, 289, 299 my 
( 4,650; 5,870; 8,270)? Nn 5.68 » (C—O), 8.30 (C—O, phe- 


nolic acetate). 
Calculated: C 72.3, H 5.00, mol. wt. 282 
Found: C 72.0, H 5.07, mol. wt. (cryoscopic, benzene) 265 


8-Acetoryfluorene—3-Hydroxyfluorene (166 mg, 0.91 mmole), 
m. p. 136-138° (18), was acetylated by heating with 3 ml of 
acetic anhydride and 100 mg of anhydrous sodium acetate for 
45 minutes. After hydrolysis of the excess acetic anhydride 
with water, the white solid was collected, washed thoroughly 
with water, and dried to give 143 mg (70% yield) of 3-acetoxy- 
fluorene. Successive crystallizations from 95% ethanol (with 
charcoal) and from petroleum ether (b.p. 30-60°) yielded ma- 
terial (colorless needles) melting from 123-124°. Purification 
of a sample by sublimation at 90-100° and less than 1 y of 
mercury, followed by crystallization of the sublimate from pe- 
troleum ether (b.p. 30-60°) likewise gave a product with the 
same melting point. ) Ethanol 263, 291, 303 mu (e, 19,000; 8,140; 
11,900); — 237, 286, 298 my (e, 6,330; 5,520; 6, 680); 
\Nviol 5.71 (C=O); 8.25 (C—O, phenolic acetate). 


Calculated: C 80.3, H 5.39 
Found: C 79.7, H 5.29 


Enzymatic Oxidation and Identification of Products—2-Amino- 
3-fluorenol, when oxidized by cytochrome c and cytochrome oxi- 
dase, yielded a yellow, chloroform-extractable product with an 
absorption maximum at 450 my (Fig. 1). The formation of this 
product was dependent on the presence of cytochrome c, a re- 
quirement similarly noted in the oxidation of other o-amino- 
phenols (1). Oxidation of 2-amino-3-fluorenol with potassium 
ferricyanide at pH 7.4 likewise gave a product with similar 
absorption characteristics. Paper chromatography of the ensy- 
matic oxidation product in methanol-acetic acid-water gave & 
single yellow spot, Rp 0.88, which converted p-dimethylamino- 


7 The unusual twin peaks at 297 and 309 my appear to be peculiar 
also to 2- and 3-acetoxyfluorene. Thus, 2-acetoxyfluorene (17) 
has Mr 265, 293, 304 my (e, 26,000; 7,980; 9,770). The prepara- 
tion of 3-acetoxyfluorene and its spectral properties are recorded 
in the following section. 
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aniline to the pink Wurster’s red and which was transformed 
to a red-brown phenylhydrazone when sprayed with 2,4-dinitro- 
phenylhydrazine. These properties suggested that the product 
had a quinonoid structure, and its identification by synthesis 
was attempted. 

Chemical oxidation of 2-amino-3-fluorenol with lead dioxide 
gave a yellow-orange crystalline solid which decomposed without 
melting at 110-120° and, at room temperature, was stable 
only for several hours. The infrared spectrum of the product 
showed two bands in the carbonyl region, absent in 2-amino-3- 
fluorenol, which indicated the presence of ketonic groups in the 
molecule. The elemental analysis revealed the presence of ni- 
trogen and suggested the empirical formula CiaH. NO. On the 
basis of this molecular formula, the oxidation product appeared 
to possess two less hydrogen atoms than 2-amino-3-fluorenol. 
These data strongly suggested that the compound was a quinone- 
imine. Although molecular weight determinations were pre- 
cluded by the instability of the compound, its monomeric struc- 
ture was established through its derivatives. Thus, reductive 
acetylation with acetaldehyde (19) gave N-(3-hydroxy-2-fluo- 
renyl)acetamide, and treatment with phenylhydrazine reduced 
the oxidized product to 2-amino-3-fluorenol which was converted 
to N-(3-acetoxy-2-fluorenyl)acetamide. This derivative proved 
to be identical with an authentic sample prepared by acetyla- 
tion of N-(3-hydroxy-2-fluorenyl)acetamide. While the oxida- 
tion product of 2-amino-3-fluorenol by lead dioxide was thus 
identified as 2-imino-2 ,3-FQ, it was evident from the electronic 
spectra that the enzymatic oxidation did not afford this o-qui- 

Oxidation of 2-amino-3-fluorenol with ferric chloride, on the 
other hand, yielded a nitrogen-free product whose spectrum was 
indistinguishable from that of the enzymatic oxidation product 
(Fig. 1). The behavior of the compound on paper chromato- 
grams (Rp 0.87, and color reactions with 2,4-dinitrophenylhy- 
drazine or p-dimethylaminoaniline) was also identical with that 
of the enzymatic oxidation product. This material was also 
obtained by hydrolysis of 2-imino-2,3-FQ in phosphate buffer. 
It had a carbonyl absorption in the infrared region (6.05 ) 
similar to that of 1,2-naphthoquinone (20) (5.99 ), and was 
converted by reductive acetylation to 2,3-diacetoxyfluorene. 
This derivative had a molecular weight compatible only with 
a monomeric fluorene structure (calculated, 282; found, 265) and 
its absorption in the ultraviolet region resembled that of 2- or 
3-acetoxyfluorene. The structure of the product of the oxida- 
tion of 2-amino-3-fluorenol by cytochrome c-cytochrome oxidase 
was thus established as 2,3-fluorenoquinone. The experiments 
on which the identification was based are summarized in Fig. 2. 

Binding of Quinonoid Products to Bovine Serum Albumin— 
Previous studies have indicated that addition of bovine serum 
albumin to the cytochrome c-cytochrome oxidase system and 
2-amino-1-fluorenol led to extensive binding of the primary oxi- 
dation product, 2-imino-1 ,2-fluorenoquinone (1). The evidence 
for protein binding was based on the observation that the quan- 
tities of a chloroform-extractable, colored indophenol, the prin- 
cipal oxidation product in the absence of albumin, diminished 
with increasing bovine serum albumin concentration.“ Oxida- 
tion of the isomeric 2-amino-3-fluorenol in the presence of al- 
bumin at mole ratios of 2-amino-3-fluorenol to protein ranging 
from 22 to 28 gave rise to yellow proteins. The color was not 
removed by prolonged dialysis or by extraction of the dialysates 
with chloroform. Moreover, precipitation of the dialyzed pro- 
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350 310 400 S00 00 
Wevelength, ma 
Fie. 1. Spectra of synthetic and biosynthetic 2,3-fluorenoqui- 
none in chloroform: synthetic 2,3-fluorenoquinone (——); spec- 
trum of the oxidation product of 2-amino-3-fluorenol by cyto- 
chrome e-cytochrome oxidase - -). 


renol (3-OF A) to 2-imino-2 and 2,3- 
fluorenoquinone (FQ) and the characterisation of these products. 
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Fic. 3. Ion exchange elution profile of the albumin-quinonoid 
adduct. 2-Amino-3-fluorenol was oxidized by cytochrome c-cyto- 
chrome oxidase in the presence of bovine serum albumin and the 


protein subsequently purified as described in Experimental Pro- 


precipitates. The color persisted after purification of the dia- 
lyzed protein by ion exchange chromatography on double bed 
columns of Amberlite XE-64 and diethylaminoethyl cellulose 
and could not be extracted from the effluent fractions. Further- 
more, the elution profile of the protein, measured either as the 
280 my absorbancy or turbidimetrically, coincided with that of 
the chromophore measured by its absorbancy at 460 my (Fig. 
3). The coincidence of the protein and color peaks provided 
* These results have been confirmed recently by tracer experi- 


ments in which 2-amino-1-fluorenol-1-C™ was oxidised ensymati- 
cally in the presence of bovine serum albumin. The protein was 
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Fic. 4. The visible spectrum of the albumin-quinonoid adduct. 
Following oxidation of 2-amino-3-fluorenol by cytochrome c- 
cytochrome oxidase in the presence of bovine serum albumin, the 
protein was purified by ion exchange chromatography (Fig. 2) 
and the visible spectra of the purified albumin-quinonoid adduct 
was recorded before and after reduction of the chromophore with 
sodium dithionite. The difference spectrum is plotted here. 
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Fic. 5. Ion exchange elution profile of the albumin-quinonoid 
adduct after incubation of bovine serum albumin with 2-imino-2,3- 
fluorenoquinone. Synthetic 2-imino-2,3-fluorenoquinone, 4.1 mg, 
in dioxane solution (1 ml) was added dropwise with shaking to 61 
mg of bovine serum albumin in 25 ml of 0.1 u phosphate buffer, 
pH 7.4, and the mixture was incubated for 40 minutes. The 
protein-quinonoid complex was purified as described in Experi- 

mental Procedure. 


strong evidence that the chromophore was tightly bound to 
the albumin. Since the chromophoric moiety imparting the 
yellow color to the albumin had an absorption maximum at 
460 + 5 mu (Fig. 4) and was reducible with sodium dithionite, 
it was highly probable that the chromophore has a quinonoid 
structure. 

Inasmuch as 2-imino-2,3-FQ is the primary oxidation product 
of 2-amino-3-fluorenol in either the enzymatic or chemical oxi- 
dation, the corresponding 2,3-fluorenoquinone arising by hy- 
drolysis of 2-imino-2,3-FQ,* examination of the interaction of 
synthetic 2-imino-2 ,3-FQ with bovine serum albumin appeared 
relevant. 2-Imino-2,3-FQ readily combined with albumin in 
a buffered system at an initial 2-imino-2,3-FQ to albumin mole 


In the ferricyanide oxidation of 2-amino-3-fluorenol cited 
earlier, if the reaction mixture was extracted with ether within 
30 seconds after the addition of the oxidant, the spectrum of the 
ether-extractable product resembled closely that of 2-imino-2,3- 
FQ. Extraction after longer incubation times (5 to 15 minutes) 
gave rise to spectra which were then indistinguishable from that 
of 2,3-fluorenoquinone. 
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ratio of 23. The yellow color imparted to the protein by 2 
imino-2,3-FQ persisted even after extensive purification of the 
albumin by dialysis followed by ion exchange chromatography, 
and the elution profile of the protein and of the chromophore 
coincided (Fig. 5). The bound chromophore was also reducible 
with dithionite to give a difference spectrum with an absorption 
maximum at 460 my, which closely resembled that shown ip 
Fig. 4 for the bound enzymatic oxidation product. 


DISCUSSION 

The labeling in vivo of rat liver proteins after administratiog 
of radioactive N-(1-hydroxy-2-fluoreny])acetamide and of radio- 
active N-(3-hydroxy-2-fluorenyl)acetamide, both of which ar 
recognized metabolites of the carcinogen N-2-fluorenylacetamide, 
has been reported (21). It has recently been shown that N-(1- 
hydroxy-2-fluorenyl)acetamide is deacetylated to 2-amino-1- 
fluorenol by a widely distributed tissue deacylase (22). Thus, 
a previously proposed mechanism (23) which attributed protein 
binding of N-(1-hydroxy-2-fluorenyl)acetamide to prior deacety- 
lation followed by oxidation of the ensuing 2-amino-1-fluorenol 
and subsequent addition of the o-quinoneimine to protein is now 
supported by considerable experimental evidence (1, 2, 24). 
The present experiments suggest that the binding of N-(3-hy- 
droxy-2-fluorenyl)acetamide may be accounted for by a similar 
reaction sequence. It would seem premature to attempt at this 
time the precise assignment of a structure to the protein-bound 
chromophore. This, as well as the determination of the magni- 
tude of interaction, would depend on future experiments with 
labeled 2-amino-3-fluorenol. However, in view of the facile in- 
teraction of synthetic 2-imino-2,3-FQ with albumin and of the 
high reactivity of this o-quinoneimine, it is reasonable to assume 
that the primary product of the enzymatic oxidation of 2-amino- 
3-fluorenol, i.e. 2-imino-2 ,3-FQ, is in fact the molecular species 
which combines with albumin. Binding of a carcinogen (or 8 
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metabolite thereof) is probably a necessary, although perhaps 
not a sufficient condition for carcinogenic activity (25). The 
binding of 2-imino-1 ,2-fluorenoquinone and of 2-imino-2,3-FQ 
to protein may therefore be essential steps in the carcinogenic 
process initiated by N-2-fluorenylacetamide. 

It is of interest that in the enzymatic oxidation of o-amino- 
phenols studied to date (Table I) dimeric end products have 
been produced except in the oxidation of 2-amino-3-fluorenol. 
It is apparent that the primary oxidation products of o-amino- 

nols are o-quinoneimines. An o-quinoneimine may dimerize 
(by addition to the o-aminophenol) to an isophenoxazone or the 
related indophenol, or alternatively it may hydrolyze to the 
o-quinone, the course of the reaction being determined by the 
structure of the substrate. Thus, if the position para to the 
phenolic hydroxyl group is unsubstituted, dimerization predomi- 
nates; however, if this position is substituted, as in 2-amino-3- 
fluorenol, the imino group is hydrolyzed to the o-quinone 
(Table I). 


1. The product resulting from the oxidation of the o-amino- 
phenol, 2-amino-3-fluorenol, by the cytochrome c-cytochrome 
oxidase system has been identified by synthesis as the o-quinone, 
2,3-fluorenoquinone. 

2. 2-Imino-2,3-fluorenoquinone, the primary product in the 
enzymatic oxidation of 2-amino-3-fluorenol, has been synthesized 
and characterized. 

3. Evidence has been presented that the product of the en- 
zymatic oxidation of 2-amino-3-fluorenol combines with bovine 
serum albumin to yield an adduct containing a quinonoid chro- 
mophore. A similar adduct has been obtained by the reaction 
of synthetic 2-imino-2,3-fluorenoquinone with bovine serum 
albumin. 

4. The data have been discussed in the light of a previously 
proposed mechanism which attributed protein binding of the 
carcinogen N-2-fluorenylacetamide to the formation of transient 
o-quinoneimines and subsequent binding of these reactive me- 
tabolites. 
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Although study of metabolites isolated from individuals with 
pathological conditions has aided the elucidation of the bio- 
synthetic pathways of some low molecular weight compounds, 
analogous work with proteins is wanting because of the rarity 
of anomalous products or presumptive intermediates. Bence- 
Jones proteins appear to offer a singular opportunity for such 
investigation because they are found only in the urine of pa- 
tients with tumors of the plasmocytes, cells normally concerned 
with antibody formation (2). These abnormal proteins are 
related immunologically (3) to human }»-globulins and are ex- 
creted in large quantities, often in relatively high purity, by 
some patients with multiple myeloma. Studies on the rate of 
incorporation of isotopic amino acids have shown that Bence- 
Jones proteins are not products of y-globulin degradation but 
may possibly be precursors of this larger molecular species (4). 
The amino acid composition of Bence-Jones proteins resembles 
that of human 7-globulin (5). However, Bence-Jones proteins 
differ from serum 7-globulins not only in their lower molecular 
weight and their predominant occurrence in the urine (6), but 
also in their unique property of precipitating on heating at 45- 
60°, followed by redissolving on boiling (7, 8). 

A battery of physical and chemical techniques has been em- 
ployed to ascertain whether a series of individual Bence-Jones 
proteins exhibit structural relationships consistent with their 
common properties. Individually characteristic differences in 
the Bence-Jones proteins from different patients have been 
found in amino acid composition (5), antigenic type (3), sedi- 
mentation constant (9), electrophoretic mobility (10), isoelectric 
point (10), heat precipitation curves (8), and N-terminal amino 
acids (11). Differences of the type and magnitude found in 
such studies could be exhibited by proteins with essentially 
similar primary structures with variations in amino acid compo- 
sition or sequence at some few loci, terminal or internal. On 
the other hand, such nonidentities might reflect major structural 
variations along the entire protein molecule. 

The possibility of resolving this question by utilizing methods 
which would permit the comparison of discrete segments of the 
whole proteins has been investigated. The technique employed 
was the comparison of ion exchange chromatograms of peptides 
resulting from the specific enzymatic proteolysis of Bence-Jones 
proteins from different patients. This procedure has been em- 
ployed previously in the study of histones (12) and cytochromes 


* Supported by a grant (No. C-2803) of the National Cancer 
Institute, National Institutes of Health. A preliminary report of 
this work has appeared (1). 

t Senior Research Fellow (SF-51), United States Public Health 


(13). If different proteins have long sequences that are the 
same, peptides from any one should be found in hydrolysates of 
the others. Dissimilarities in primary structure should also be 
demonstrable by this procedure. 

This communication reports on comparative studies of tryptic 
hydrolysates of six previously characterized Bence-Jones pro- 
teins, and on comparisons of fractions resolved from individual 
proteins by chromatography on ion exchange cellulose columns, 
Although some similarities were found, the differences were of 
such a magnitude as to suggest that the individual Bence-Jones 
proteins must differ at many loci along their peptide chains 
rather than at just one or a few, as is the case for the abnormal 
hemoglobins (14). 


EXPERIMENTAL PROCEDURE 


Materials and Methods 

Bence-J ones Proteins The six specimens studied were among 
those previously characterized by Putnam et al. (6, 10, 11), and 
are designated by symbols referring to the patient. The pro- 
teins had been isolated from thoroughly dialyzed urine by re- 
peated ammonium sulfate precipitation, and, in each case, had 
been characterized by analytical ultracentrifugation, electro- 
phoresis, and chromatography. Some of their chemical, physi- 
cal, and biological properties are listed in Table I. It should 
be noted that no two of the specimens chosen were alike in all 
properties listed. 

Certain of the Bence-Jones proteins appeared to consist of 
more than one component when chromatographed on columns of 
ion exchange cellulose by the methods of Sober and Peterson 
(15). Where possible, some of the fractions as well as the whole 
proteins were studied. The fractions eluted from DEAE-cellu- 
lose? columns were pooled and lyophilized, and then treated 
exactly as outlined below. 

Hydrolysis by Trypsin In preliminary experiments, the pro- 
teins were denatured by heating before enzymatic digestion. 
It was found that the resulting precipitates clumped and were 
relatively resistant to enzymatic attack. Various procedures 
for denaturing the proteins were investigated such as exposure 
to 6 M urea or acidification to pH 1 to 2. It was noted that 
there were considerable quantities of trichloroacetic acid-soluble 
ninhydrin-reactive materials present in some of the protein 
solutions before hydrolysis, although the lyophilized specimens 


The abbreviation used is: DEAE, diethylaminoethyl. In the 
figures B. J. is used to indieate Bence-Jones. 
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I 
Comparison of properties of Bence-Jones proteins 
Mobi N-terminal 

T A 1.8 3.36 | 0.23 Valine 27 
A B 4.75 | 4.7 | 3.41 | 1.5 Aspartic 23 
G A 2.6 5.6 | 3.28 | 1.08 Threonine 22 
Lu A 2.5 3.44 | None detected 28 
E A 1.4 6.7 | 3.36 | None detected 26 
Ne 4.7 | 3.04 | Not determined 


* Antigenic type determined by Dr. L. Korngold. Some of the 
data have been published (10, 11). 


e ue t Isoelectric point. 
ites of 
Iso be | had been thoroughly dialyzed against distilled water or buffers 


at neutral pH. However, dialysis in the cold against two 
changes of pH 2.3 citrate buffer for 4 hours followed by exhaus- 
tive dialysis against distilled water was found to remove over 
90% of the ninhydrin color of solutions of proteins T and A 
with a loss of less than 5% of the nitrogen. The acid-dialysis 
step was used with all specimens. Ultracentrifugal analysis of 
the acid-dialyzed protein revealed a change in sedimentation 
constant; the performic acid-oxidized protein sedimented largely 
as a single component with an . „ = 1.8 S compared to 3.6 8 
for the untreated protein. The proteins were recovered from 
solution by lyophilization and were oxidized with performic acid 
(16). The dried oxidized proteins were dispersed in 0.2 M phos- 
phate buffer, pH 7.6, at a concentration of approximately 3 to 4 
mg of protein per ml. Trypsin (Armour, twice recrystallized) 
was dissolved in the buffer and added to the protein suspension 
so that the relative protein to enzyme concentration was 100:1. 
One to two drops of toluene were added to inhibit bacterial 
action. The hydrolyses were carried out at 37°, usually for 48 
hours. The extent of reaction was followed by serial colorimet- 
ric ninhydrin determinations (17) and could be expressed graphi- 
cally as in Fig. 1. The addition of more trypsin after 24 hours 
did not increase the extent of hydrolysis. At the end of the 
hydrolysis, those samples to be chromatographed were brought 
to pH 2.2 to terminate the enzymatic reaction. The hydroly- 
sates could be stored in the frozen state, and were thawed and 

Chromatography—The peptide mixtures resulting from the 
trypsin hydrolysates were chromatographed on columns of 
Dowex 50-X2 (200 to 400 mesh) by a modification of the method 
of Hirs et al. (18). The columns used were 60 X 0.9 cm fitted 
with a fritted glass plate. Longer columns (120 cm) were tested, 
but the slight improvement in resolution resulting from their 
use was outweighed by the increase in effluent volume and length 
of time required. The columns were operated at 50°, tempera- 
ture being controlled within +0.5° by circulating water from a 
constant temperature bath through jackets on the columns. A 
constant flow rate of 8 to 10 ml of effluent per hour was main- 
tained by air pressure. 

It was necessary to wash the resin and repour the column 
after each chromatographic run. In this process, small quanti- 
ties of the finer resin particles were lost. This resulted in pro- 
gressively increasing elution volume values for the peptides. 
The changes were usually slight, with significant differences 
occurring only after the resin was used 40 to 50 times. 


M. Fried and F. W. Putnam 


Hydrolysate equivalent to 15 mg of protein by Kjeldahl nitro- 
gen determination was placed on the column and eluted by 
buffers as shown in Fig. 2. The column effluents were collected 
in 2 ml-aliquots which were then analyzed by the modified nin- 
hydrin method (17). The first two eluting solvents had increas- 
ing ionic strength and pH gradients, achieved by the use of 
mixing chambers. The mixing chamber contained 500 ml of 0.2 
N pH 3.3 citrate buffer into which 0.5 & pH 5.1 buffer was run 


until 500 ml (Fractions 1 to 250) were collected. Then 1.0 * 


pH 5.1 buffer was introduced into the same mixing chamber for 
300 ml (Fractions 251 to 400). The other eluting solutions were 
placed directly onto the column, i.e. 1.0 & pH 5.1 buffer for 100 
ml (Fractions 400 to 450), 2.0 & pH 5.1 buffer for 100 ml (Frac- 
tions 450 to 500), and finally 2.0 sn NaOH for about 100 ml 
(Fractions 500 to 550). This elution sequence yielded optimal 
peptide separation with a number of proteins. 

The conductivities of the column effluent fractions were meas- 
ured with a conductivity bridge (LKB-Produkter type 3216B) 
and are shown graphically in Fig. 2 along with the chromato- 
graphic positions of several known compounds. The break- 
through point for NH; was always at about Fraction 95 to 105, 
after which the baseline rose, indicating that some ammonia was 
continually being eluted from the column. This baseline value 
was subtracted in calculation of the color equivalent of subse- 
quent fractions. 

Results of the chromatography of a typical trypsin hydrolysate 
are also shown in Fig. 2. The high peak at Fractions 95 to 105, 
which also was noted with other proteins, was shown to contain 
ammonia by performing Conway microdiffusion analyses (19). 
There was always more ninhydrin color than could be accounted 
for by the NH, indicating that the NH; peak masked another 
substance or substances. Although several known amino acids 
had chromatographic positions in the region between Fractions 
0 and 200 in which many peptide peaks were found, the specificity 
of trypsin precludes the formation of any significant quantity of 
free amino acids with the possible exception of arginine or lysine. 
All of the acidic and neutral amino acids would be eluted before 
Fraction 70. In several experiments, aliquots of effluent frac- 
tions were taken before the ninhydrin analyses. In some cases 
after the peaks were located, the aliquots representing the in- 
dividual peaks were combined and hydrolyzed in 6N HCl. The 
excess HCl was removed by repeated evaporation with a flash 
evaporator. The hydrolysate was then brought to the original 
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Fia. 1. Effect of performic acid oxidation on extent of trypsin 
ysis Bence-Jones p . The theoretical yield of leu- 


(5). Protein concentration 4 mg per ml, trypsin-substrate ratio 
1:100, pH 7.6. 
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Fic. 2. Chromatograms of protein hydrolysates and known compounds. The conductivity of the effluent fractions is plotted on the 
top curve. The eluting mixtures are described in the text. The fraction numbers at which changes in eluent were made are indi- 


cated by arrows. Leucine equivalents in micromoles per liter. 


volume and pH with buffer and analyzed by the ninhydrin pro- 
cedure. Two to six-fold increases in leucine equivalents were 
obtained, which is a further indication that these peaks repre- 
sented peptides rather than free amino acids. 

The material after Fraction 500 which was eluted by 2.0 n 
NaOH contained 15 to 20% of the total ninhydrin color of the 
enzymatic hydrolysate and about 20% of the nitrogen. This 
slow moving material may represent either more basic or higher 
molecular weight products of the tryptic digestion. It was not 
of sufficiently high molecular weight to be resolved in the analyt- 
ical ultracentrifuge, since ultracentrifuge runs made on hydroly- 
sates revealed no sedimenting boundary after 2 hours at 59,780 
r.p.m. 


RESULTS 


From the data expressed graphically in Fig. 1, it appears that 
the enzymatic digestion of performic acid-oxidized protein pro- 
ceeded more rapidly and to a greater degree than that of unox- 
dized material. With the unoxidized protein a lower maximal 
ninhydrin color was obtained, which would indicate that addi- 
tional bonds become susceptible to the action of trypsin after 
performic acid oxidation. 

Completeness of hydrolysis was checked by comparing the 
observed increase in leucine color equivalents per mole of protein 
with the theoretical number calculated from average values for 
the content of arginine plus lysine in Bence-Jones proteins, which 
is about 30 to 35 moles of amino acids per mole of protein (5). 
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Increases approximating 75 to 95% of the theoretical number of 
leucine color equivalents calculated on the basis of these analyses 
were found after 24 hours of hydrolysis. Since the color yield per 
mole of the peptides produced is unknown, and the exact con- 
tent of the basic amino acids in the proteins was not determined, 
the numbers probably represent nearly complete hydrolysis. 

Support for the idea that hydrolysis approached completion is 
shown in Fig. 2 in which the chromatograms of a 24- and a 48- 
hour hydrolysate of one protein are compared. Of the 30 to 35 
peptides expected on the basis of average content of arginine 
plus lysine, about 20 fairly well separated peaks are visible in 
each chromatogram. The two chromatograms are practically 
superimposable, which is also an indication of the reproducibility 
of the procedures used. When different samples of the same 
protein specimen were subjected independently to the complete 
procedure for hydrolysis and chromatography, the chromato- 
grams were nearly identical in terms of the number, position, and 
size of the peaks.“ 

Protein Specimens— The physical and chemical properties of 
different Bence-Jones proteins determined by various workers, 
some of which proteins are listed in Table I, suggest that there 
are considerable differences in the structures of individual speci- 
mens. This is now established more rigorously by the applica- 
tion of the techniques described herein. In Fig. 3 are shown the 
chromatograms of the hydrolysates of six Bence-Jones proteins. 
Although the over-all patterns of the chromatograms show a 
certain similarity, it appears on close inspection that there are 
many qualitative and quantitative differences in the patterns. 

The most similar chromatograms are those from proteins A 
and G, which, it may be noted from Table I, have different 
physical and chemical properties. Both show peaks at about 
Fractions 10, 30, 65, 80, 110, 160, and after 500. However, the 
hydrolysate from protein G has major peaks at 20, 50, and 225 
that are not found in A, whereas A has peaks at 55, 200, and 212 
that occur to only a slight extent in G. These similarities and 
differences may be seen more clearly in Fig. 4. 

The same sort of comparisons may be carried out with any 
pair of chromatograms with similar conclusions. 

Protein Fractions—When protein T was subjected to chro- 
matography on DEAE-cellulose,‘ it was resolved into a single 
fairly sharp component representing 90% of the protein originally 
placed on the column, and a diffuse component containing the 
remainder. Upon subjecting the larger component to the hy- 
drolytic and chromatographic procedures outlined above, a 
chromatogram was obtained which was compared to that of the 
original protein. Although there was some change in position, 
owing to the progressive changes in the resin described above, 
the number and relative proportion of the peaks were very similar 
with the exception of those between Fraction numbers 25 and 
60 which were distinct in the hydrolysate of the unfractionated 
protein (Fig. 3), but were considerably smaller in the hydrolysate 
of the major chromatographic component of this protein. 

When protein Ne was chromatographed on DEAE-cellulose, 
it was eluted as two components (I and II) each representing 


* Amino acid analyses of peptide peaks isolated from normal and 
abnormal human 7-globulins by the same procedure have shown 
quantitative similarities for peaks with similar positions in the 
chromatograms of the enzymatic hydrolysates of the globulins. 
M. Fried and F. W. Putnam, unpublished observations. 

R. A. Phelps, L. T. and F. W. Putnam, 
periments. 


M. Fried and F. V. Putnam 


3475 


about 50% of the protein placed on the column. A comparison 
of the ensymatic hydrolysates from the two fractions with that 
from the whole protein revealed that the chromatogram of the 
Fraction I hydrolysate closely resembled that for the unfraction- 
ated protein. However, the chromatogram of Fraction II dif- 
fered significantly from that of the original material in that, 
whereas both had many peaks in common, the relative sizes of the 
peaks varied considerably from one to the other. 


The observed variations in the over-all physical characteristics 
of a series of related proteins may be the result of differences in 
their primary structure, involving substitution of one amino 
acid moiety for another at many positions along the polypeptide 
backbone. A possible explanation of equal validity is that these 
differences result from limited changes in the nature and order 
of the amino acids at only a few places. This implies that con- 
siderable portions of the proteins would have the same amino 
acid sequences. The procedures used in this investigation were 
designed to permit a choice between these two possibilities. The 
use of the highly specific proteinase, trypsin, results in the break- 
ing of the polypeptide chains at only one or two types of bond, 
those involving the carboxy] group of an internal arginine or 
lysine moiety. If two like proteins are treated with trypsin, the 
peptides resulting should be the same in each case and should 
appear as identical chromatograms, providing proteolysis has 
been complete. When only one or a few differences in primary 
structure exist between the proteins being compared, only a few 
variations should be seen in the peptide chromatograms. On the 
other hand, widespread dissimilarities in amino acid sequence 
should result in the formation of totally dissimilar peptides and 
a correspondingly different chromatogram. This may be seen 
upon comparison of the peptide chromatograms of +-globulin 
and Bence-Jones protein T in Fig. 2. 

When applied to the comparative study of individual Bence- 
Jones proteins, the procedures yielded reproducible results which 
could arise only from differences in primary structure occurring 
at numerous points along the peptide chains of the proteins. 
There are many differences in the species of peptides formed 
upon enzymatic hydrolysis of the individual proteins. When one 
chromatographic peak is found in the hydrolysates of two or 
more proteins. there are quantitative variations. For examples 
see the peaks appearing between Fractions 200 and 250 on the 
chromatograms in Fig. 3. Such results could arise from instances 
of incomplete tryptic hydrolysis of the proteins. All of the ex- 
perimental results, however, indicate that the hydrolysis was 
complete, or nearly so. 

We must conclude, then, that the work discussed in this paper 
provides additional evidence for the nonidentity of the Bence- 
Jones proteins from different individuals. This nonidentity may 
be partially ascribed to the heterogeneity of some of the Bence- 
Jones proteins, further indication for which is seen in the differ- 
ences in the peptides derived from chromatographically separated 
fractions of individual proteins. It should be recognized, more- 
over, that the Bence-Jones proteins studied herein, although of 
about the same molecular weight, were known to differ in amino 
end groups and electrophoretic mobility. 

The nonidentity of the members of this class of proteins is 
difficult to rationalize with their two main characteristics, i.e. 


their thermosolubility and their connection with multiple mye- 
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Fig. 3. Chromatograms of tryptic hydrolysates of Bence-Jones proteins. Leucine equivalents in micromoles per liter 
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Fid. 4. tracings of chromatograms of 
hydrolysates of proteins A (upper curve) and G (lower curve). 


loma, and with a third implied characteristic, their biosynthesis 
in the plasma cells (6, 20). It might be expected that a group 
of proteins synthesized in one type of cell, possibly as a response 
mon physical property, would be structurally very similar. 
Actually, only immunochemical data (3) point to common strue- 
tural features. All other data, including that from the present 
study, indicate a considerable degree of variation in structure. 

There are at least two possible explanations. The first is that 
each Bence-Jones protein is a specific product of the plasma cell 
of a single individual and bears, structurally, the imprint of : 
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singular complex of genetic determinants. In this hypothesis, 
the Bence-Jones proteins, although similar in some general re- 
spects, would also exhibit specific differences in structure. Such 
individual genetic variations in protein structure are known for 
other classes of proteins (21). The second explanation is based 
on preliminary experimental findings indicating that Bence-Jones 
proteins are exceptionally readily fragmented by rather gentle 
chemical procedures.“ This may mean that Bence-Jones pro- 
teins are structurally an aggregation of individual smaller moi- 
eties, perhaps representing biosynthetic intermediates synthe- 
sized and then liberated from the plasma cells in the course of 
the disease. The individual components of these aggregates 
might be more or less closely related structurally. The observed 
individual variations in over-all protein structure would then be 
ascribable to differences in quantity of the various types of 
subunits, as well as to differences in the structures of the sub- 
units. This second hypothesis is also supported by the evidence 
for the heterogeneity of Bence-Jones proteins.‘ 

Because of the antigenic relationship of Bence-Jones proteins 
and human y-globulin and also because of the frequent associa- 
tion of Bence-Jones proteinuria with hyperglobulinemia in multi- 
ple myeloma, a structural relationship between Bence-Jones pro- 
teins and y-globulins might be thought to exist. For example, it 
is conceivable that Bence-Jones proteins (which have an 8, = 
3.5 8) might be analogous to one of the several 3.5 S fragments 
obtained upon papain cleavage of human „-globulin (22). How- 
ever, the chromatogram of the tryptic hydrolysate of normal 
human y-globulin on Fig. 2 did not closely resemble that of any 
of the Bence-Jones proteins examined. There were striking 
differences in the following respects: (a) as expected on the basis 
of molecular size, the resolution of the peaks was finer and the 
number was less for Bence-Jones proteins; (b) the characteristic 
sharp peaks appearing in Fractions 0 to 50 for all the Bence- 
Jones proteins are absent or small for y-globulin; (c) both normal 
and pathological human +-globulins are characterized by a series 
of four sharp peaks in Fractions 70 to 110, yet this region is 
devoid of peaks for some of the Bence-Jones proteins except for 
the sharp shoulder of the ammonia peak at about Fraction 105, 
which also appears in +-globulin; (d) multiple peaks which occur 
ir Fractions 120 to 250 of y-globulin have relatively few analogues 
in the Bence-Jones proteins. On this basis it might be concluded 
that human y-globulin and Bence-Jones proteins are not struc- 
turally related despite the similarity in amino acid composition 
and the overlapping antigenic determinants already mentioned. 
However, the complexity of the chromatographic pattern of the 
tryptic hydrolysate of the larger y-globulin molecule, as well as 
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the dissimilarities in Bence-Jones proteins noted herein, could 
obscure structural identities in many peptides. 


The peptides resulting from the enzymatic hydrolysis of Bence- 
Jones proteins have been chromatographed and their chromato- 
grams compared. Extensive differences seen in these chromato- 
grams present further proof of the nonidentity of individual 


specimens of this class of proteins. Chromatographic fractions 
of some individual Bence-Jones proteins were also analysed and 


their peptide patterns found to be different, indicating some 
degree of nonhomogeneity. 
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lot Nos. 693502, T-2842, PJ-3026, PJ-3369, PJ-3370, and PJ-3371 
of Eli Lilly and Company and No. 9011-G of Boots Drug Com- 
pany. All the samples were converted to their hydrochlorides 
by precipitation from 0.1 , HCl solution with acetone (4) before 
being subjected to chromatographic analysis. As judged by the 
results on chromatography, acetone precipitation at 3° gave 3 
better product than the lyophylization procedure used in early 


As a result of a general study on the partition column chro- 
matography of insulin, it was noted that a number of commercial 
samples of crystalline insulin gave elution curves which indicated 
the presence of at least two components in the eluted fractions 
(3, 4). The solvent systems used in these studies were similar 
to those that had been reported by Harfenist and Craig in their 
countercurrent distribution studies on insulin (5-8). The latter 


workers had reported the fractionation of bovine insulin into 
two components (A and B) which appeared to differ from one 
another in the number of amide groups (8). 

The present report describes improvements in the technique 
of partition column chromatography of insulin that resulted in 
the separation of up to four components from some samples of 
commercial crystalline insulin. Several of these components 
were found to be formed from the main component when it was 
treated with acid and are designated transformation products. 
The preparation and separation of these components are de- 
scribed. 

In recent years several other chromatographic fractionations 
of insulin have been reported. These reports include the work 
of Dickinson (9), who detected an acid transformation of insulin 
by the use of chromatography on calcium phosphate gel, of 
Boardman (10, 11), who used resin-coated diatomaceous earth, 
of Cole (12, 13), who used a cation exchange resin and eluted 
with buffers containing urea, of O’Donnell and Thompson (14, 
15), who used diethylaminoethyl-cellulose along with urea-con- 
taining buffers, and of Volini and Mitz (16), who also used di- 
ethylaminoethyl-cellulose. The chemical differences between 
the fractions revealed by these chromatographic procedures have 
not been reported. Probably some of the procedures are detect- 
ing the same type of heterogeneities revealed in partition column 
chromatography. 

EXPERIMENTAL PROCEDURE 

Materials—The insulin samples were all crystalline zinc-in- 

sulin of bovine origin. Most of the experiments were performed 


on lot No. 535664 of Eli Lilly and Company or No. 2189 of Brit- 
ish Drug Houses, Ltd. A few experiments were performed on 
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experiments (3). Precipitation of the insulin hydrochloride with 
acetone removes most of the zinc. 

The 2-butanol and n-butanol were purified by refluxing over 
and distillation from calcium hydride (4). Only that portion of 
the distillate was used which had an optical density of 0.2 or less 
when read against distilled water at 275 my in a l-cm cuvette, 

The inert support for the aqueous (stationary) phase was a 
mixture of Micro-cel and Celite 545. Both materials were puri- 
fied as follows. A thick suspension in 2 N HCl was stirred over- 
night and then filtered by suction through Whatman No. 1 
paper. The residue was washed on the funnel with distilled 
water and then subjected again to the acid treatment. The 
acid-free residue was suspended in 2-butanol, the suspension was 
stirred overnight, and the residue was collected on a filter and 
washed with fresh butanol. The residue was dried in air at 
temperatures not exceeding 50° until the odor of butanol had 
disappeared. 

Solvent Systems—The solvent systems are designated accord- 
ing to their composition before mixing. A mixture of butanol 
was equilibrated with an equal volume of 0.1 * HCI. The com- 
position of the butanol mixture was varied according to the tem- 
perature at which chromatography was being performed and the 
partition factor of the insulin fraction being chromatographed. 
For chromatography at 25°, 2-butanol was used. For chroma- 
tography of commercial samples or rechromatography of Frac- 
tion I at 3°, 12 parts of n-butanol were mixed with 88 parts 
(volume per volume) of 2-butanol. For rechromatography of 
Fractions III and IV at 3°, 18 or 24 parts of n-butanol were 
mixed with 82 or 76 parts (volume per volume) of 2-butanol, 
respectively. The phases were equilibrated at the temperatures 
at which the chromatography was to be performed. 

Preparation of Columns—Jacketed columns of the type pre- 
viously described (3) were used. The cross-sectional area of the 
columns was varied according to the load: 0.83 cm? (designated 
analytical) for loads up to 15 mg; 3.64 cm? (designated semipre- 
parative) for loads of 40 to 75 mg; 11.1 em? (designated prepara- 
tive) for loads of 200 to 250 mg. An intimate mixture of 4 parts 


1 Trade names for forms of diatomaceous earth supplied by 
Johns-Manville Products Corporation. 
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of Micro-cel to 5 parts of Celite 545 (weight per weight) was 
made. Eleven grams of the mixture were used for each square 
centimeter of cross-sectional area. The inert support was stirred 
with 3 to 5 volumes (volume per g) of upper (moving) phase until 
it was uniformly suspended. Then 1.1 ml of lower phase per g 
of support were added, and the mixture was stirred vigorously 
for about 30 minutes. Thereafter, slow stirring was continued 
for another hour in order to allow for the escape of entrained 
air. The suspension was poured into the column through a fun- 
nel, with care to direct the flow against the wall of the column. 
The column was intermittently rotated about its vertical axis 
while the elution of solvent proceeded for a few hours. Ana- 
lytical columns were left to stand overnight and again eluted 
for 1 to 2 hours before application of the sample. Semiprepara- 
tive columns were eluted overnight before the run. Columns 
prepared in such a manner had heights of about 40 cm, a hold-up 
volume (V) of about 2.5 ml per g of support, and a ratio of 
hold-up volume to stationary phase volume (Vz to Vs) of about 
2.2 (3). 

Chromatography—lInsulin hydrochloride was dissolved in the 
moving phase to give a concentration of 0.5% (analytical col- 
umns) or 1.5% (semi- and preparative columns). The solution 
was applied to the column by a bent-tip pipette, with care to 
direct the flow against the wall of the column just above the sur- 
face of the packing. The sample was washed into the column 
with two washes, each of a volume equal to one-half the volume 
of the sample solution. Finally, the column was filled with upper 
phase and the constant-head-reservoir (3) was attached. The 
collection of eluate fractions of 1.5, 5.0, or 15 ml for the analyt- 
ical, semi- or preparative columns, respectively, was started im- 
mediately after the application of the sample. The rate of flow 
was generally the maximal obtainable but did not exceed 0.1 
ml per cm? cross-sectional area per minute. The insulin was 
detected in the eluate fractions, after addition of ethanol (10% 
of the volume of the fraction) to insure a single phase, by ab- 
sorption measurements at 275 mu. The estimation was based 
on an optical density of 1.0 for an insulin solution containing 
1 mg per ml and having a length of 1 cm (3). 

Isolation—The contents of the tubes comprising the fraction 
under investigation were pooled and shaken with 5 volumes of 
U.S. P. ether from a newly opened can. The insulin hydrochlo- 
ride was precipitated from the aqueous phase by the addition of 
18 volumes of acetone and isolated as described above. By this 
procedure 70 to 80% of the material present in the fraction, as 
determined by the absorption at 275 my, was obtained in solid 
form as the hydrochloride. 

Calculations—The distribution constant (K), the partition 
factor (K“, and the number of theoretical plates (M) were calcu- 
lated from the following formulas (3): 


K = Vs/(Vg — Vu) (1) 
K“ = V/ (V. Va) (2) 
N = 5.55 [(V) — VeVal/(Vs)* (3) 


where Vs is the volume of stationary phase used in preparing 
the column, Vy is the hold-up volume of the column, Vz is the 
volume of solvent eluted from the time the sample was introduced 
until the fraction of an elution peak of maximal concentration 
has emerged, and Vz is the width of the elution band in volume 
units at one-half the maximal concentration. 
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Improvements in Chromatography In the earlier work reported 
from this laboratory, insulin had been subjected to partition 
column chromatography in a solvent system obtained by equili- 
brating 2-butanol with 0.5% dichloroacetic acid in 0.1 * HCl 
(3). Investigations (4, 17) of the effect of various acids on the 
distribution constant of insulin in 2-butanol-water mixtures 
showed that in the presence of HCl the dichloroacetic acid had 
little effect on the distribution constant of insulin. Con- 
sequently, the dichloroacetic acid was omitted from the solvent 
system. On theoretical grounds (3) the optimal conditions for 
the separation of closely related insulins would be approached 
in a chromatographic system which would yield a value for the 
partition factor (K) of 0.1 for the slowest moving component. 
The partition factor (K’) is a function of the distribution con- 
stant (K) and the ratio of the hold-up volume (V) to the sta- 
tionary phase volume (Vs): 

K’ / V. (4) 


Insulin possesses a distribution constant (K) of about 0.1 in 
the 2-butanol-0.1 n HCl system at 25°. In the early work (3) 
in which Hyflo Super- Cel was used as a support for the stationary 
phase, the maximal amount of stationary phase that could be 
held on the column was about 0.6 ml per g of Hyflo Super-Cel; 
the corresponding Vy to V ratios of these columns were about 
4. As a consequence, the partition factor (K’) was about 0.4, 
a value somewhat too high for a critical separation of closely 
related components. In order to approach optimal conditions, 
a systematic study of the several factors that control the K“ 
value was made. 

The first factor studied was the effect of the nature of the acid 
in the solvent system on the distribution constant of insulin. 
The results (4, 17) indicated that the distribution constant of 
the insulin was related by a relatively simple equation to the 
distribution constant of the strong mineral acid in the system. 
Several solvent systems were discovered which gave K values 
below 0.1 for insulin at 25° and which have proved useful in sepa- 
rating tryptic digests of insulin (18, 19). 

Another approach to lowering the K’ value was to change the 
ratio of V to Vs. This could presumably be achieved by find- 
ing inert supports which would hold a larger volume of stationary 
phase relative to that held by the Hyflo Super-Cel. Accordingly 
an investigation was made of a number of commercially avail- 
able diatomaceous earths in search of an improved supporting 
material. A calcined diatomaceous earth, Micro-cel, was found 
to be superior to all others investigated in its ability to hold the 
stationary phase. It retained about 1.7 ml of lower layer per g 
of Micro-cel; the corresponding columns had ratios of Vy to Vs 
of about 2. However, columns made with Micro-cel as support 
often exhibited rates of flow that were too slow for practical use. 
In order to improve the flow rate while retaining some of the 
desirable properties of the Micro-cel, various mixtures of Micro- 
cel with the coarse diatomaceous earth, Celite 545, were made 
and tested. On the basis of this study, the ratio 4 parts Micro- 
cel to 5 parts Celite 545 (weight per weight) was adopted. This 
mixture retained about 1.1 ml of stationary phase per g of sup- 
port and gave columns which had a V/ to V. ratio of about 2.2. 

The use of the above mixture of diatomaceous earths produced 
columns in which the K’ value for insulin was about 0.22 in the 
2-butanol-0.1 * HCl system. Although this is still not the op- 
timal K’ value, the results obtained with it were much superior 
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Fic. 1. Partition column chromatography of insulin hydro- 
chloride (prepared from lot No. 535664) on preparative size column 
— — with — system composed of 2-butanol equilibrated 
0.1 N 


to those previously reported (3). This is demonstrated in Fig. 
1, which shows the results obtained by a preparative column on 
which 250 mg of insulin hydrochloride were subjected to chro- 
matography in the 2-butanol-0.1 n HCl system at 25°. The 
existence of at least four components in the eluted fractions was 
indicated. These fractions were designated I to IV, in order 
of increasing distribution constant. When material from the 
main peak (Fraction I) of this preparative column was isolated 
and subjected to rechromatography in the same system at 25°, 
essentially the same elution curve was obtained as that shown 
in Fig. 1, with somewhat smaller amounts of Fractions II to IV. 
This phenomenon was observed again when material from the 
main peak of the second chromatography was reisolated and 
subjected to chromatography for a third time. It had been 
noted in our earlier work (3) that rechromatography of material 
from Fraction I gave rise to elution curves which were not in 
agreement with a single component, but the degree of disparity 
was not nearly so obvious as that found with the improved sys- 
tem reported here. On the other hand, when material from 
Fraction III was isolated from the preparative column and re- 
chromatographed at 25°, it appeared as an essentially homogene- 
ous material, free from appreciable amounts of Fractions I, II, 
or IV. 

Transformation of Insulin—From the anomalous behavior of 
Fraction I on rechromatography, it was apparent that some 
transformation of the insulin was taking place either during chro- 
matography or during the procedure of reisolation. As studies 
of the isolation procedure indicated that it was not at fault, we 
decided to see whether the transformation could be avoided by 
performing the chromatography at 3°. This decision required 
another change in the chromatographic systems. The K value 
of the main component of insulin in 2-butanol-0.1 n HCl at 3° 
was about 0.3, corresponding to a partition factor (K’) of about 
0.7, a value much too high for good separation of closely related 
components. A study was made on the effect of the admixture 
of various amounts of n-butanol with 2-butanol on the distribu- 
tion constant of water and HCl at 3°. This study revealed 
that a mixture of 12 parts of n-butanol with 88 parts of 2-butanol 
when equilibrated with 0.1 n HCl at 3° gave a solvent system in 
which the water and the HCl had about the same distribution 
constants as they possessed in the 2-butanol-0.1 n HCl system 
at 25°. The use of this mixture of butanols resulted in the same 
elution curve on the chromatography of insulin at 3° as had 
been obtained at 25° (cf. Fig. 1 with Fig. 2A). Furthermore, 


when the material in Fraction I was isolated and subjected to 
chromatography a second and third time at 3°, it behaved as a 
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nearly homogeneous component (Figs. 2B and 2C). Although 
material from Fraction III also appeared fairly homogeneous on 
a second chromatography (Fig. 2D), it moves too rapidly in this 
system for good separation from neighboring materials (Fractions 
II and IV). These results demonstrated that the transforma. 
tion observed during chromatography at 25° could be avoided 
by performing the chromatography at 3°. Only the semipre. 
parative and analytical size columns gave separations at 3° which 
were comparable to those of Fig. 2A. Difficulties were en. 
countered with the preparative size columns, and conditions have 
yet to be elaborated that will give comparable separations with 
the large columns. These difficulties have limited our ability 
to obtain materials for further characterization. 

The demonstration that the main component of insulin prep- 
arations (Fraction I) could be chromatographed repeatedly at 
3° without substantial change made it possible to study the tem- 
perature dependence of the acid transformation of Fraction I. 
The results of such studies at 25° and 40° are shown in Figs. 3 
and 4. Essentially homogeneous Fraction I (Fig. 3A) was al- 
lowed to stand in 0.1 & HCl at 25° fora period up to 12 days. Ali- 
quots of the sample were removed and the material was precipi- 
tated with acetone after 6 and 12 days. The precipitated 
material was chromatographed at 3°. The results (Figs. 3B and 
3C) show the slow transformation of Fraction I to Fractions II, 
III, and IV. The reaction is much more rapid at 40°, as shown 
in Fig. 4, which illustrates the results obtained on chromatog- 
raphy at 3° of a commercial sample of insulin which had been 
allowed to stand in 0.1 * HCl for 0 to 3 days at 40°. The ma- 
terials labeled II, III, and IV which are present in small amounts 
in the original sample increase severalfold with a corresponding 
decrease in Fraction I during incubation at 40°. 

We were not successful in converting all of Fraction I to the 
other components by prolonged incubation at 40°. Invariably 
after about 2 to 3 days of incubation in the acid at this tempera- 
ture, the heat precipitate (20-22) designated fibril insulin by 
Waugh (23) would form and interrupt the studies. In this con- 
nection it is interesting to note that a sample of crystalline zine- 
insulin (Lilly No. PJ-3371) which had been prepared from insulin 
fibrils contained a much larger percentage of Fraction III (Fig. 
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Fic. 2. A. Chromatography of insulin hydrochloride (prepared 
from lot No. 535664) at 3° on semipreparative size column with 
88)-0.1 HCl solvent system. B. First 

y of Fraction I from A. C. Rechromatography 
of Fraction I from B. D. Rechromatography of Fraction III 
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Preparation and Separation of Components—In order to obtain 
material for further study, commercial samples of insulin were 
maintained in 0.1 n HCl at either 25° or 40° until a large portion 
of the Fraction I material had been transformed (12 or 3 days, 
respectively). The material was then subjected to partition 
column chromatography for separation of the components. 
Most of the work was confined to Fractions I and III, and to a 
leser extent to IV. The material designated as Fraction II 
was not present in amounts large enough to permit further work. 
The solvent system used for the separation of Fraction I at 3° 
(n-butanol-2-butanol, 12:88 equilibrated with 0.1 * HCl) was 
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Fic. 3. Chromatography of Fraction I at 3° on analytical size 
column with n-butanol-2-butanol (12:88)-0.1 n HCl solven 
after the sample had been maintained for (A) 0, (B) 6, and 
days in 0.1 n HCI at 25°. 
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Fic. 4 y at 3° on an analytical size column in 
the n- 88)-0.1 „ HCl solvent system of an 
insulin hydrochloride sample (prepared from lot No. 535664) that 
had been maintained in 0.1 * HCl for 0 to 3 days at 40°. 
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Fic. 5. Chromatography at 3° on an analytical size column in 
the n-butanol -2-butanol (12: 88)-0.1 HCl solvent system of a 
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Fie. 6. Chromatography at 3° on the analytical sise columns 
in the n-butanol-2-butanol(12:88)-0.1 HCi solvent system of 
samples of insulin hydrochloride prepared from four different lots 
of crystalline zine · insulin 


amounts of n-butanol in the solvent system: the ratios of n-buta- 
nol to 2-butanol were 18:82 and 24:76 for use on Fractions III 
and IV, respectively. The values of the distribution constants 
obtained for Fractions I, III, and IV in their respective systems 
were essentially the same (K about 0.12; K’ about 0.26). After 
the second chromatography in their respective systems, follow- 
ng the initial y in the system used to isolate 
Fraction I, Fractions III and IV gave essentially symmetrical 
elution curves indicative of single components (Fig. 7). 
Bioassay of Fractions I, III, and IV in mice* indicated that 
they contained 24.5, 22.2, and 22.6 units per mg, respectively. 


* Bioassays were performed at Eli Lilly and Company by the 
mouse convulsion test with 80 mice per assay. 
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The demonstration of several biologically active components 
in commercial samples of crystalline insulin raises the question 
as to whether these components are produced by the pancreas 
or whether they arise under the acidic conditions used in isolat- 
ing insulin from the gland. With the exception of the sample 
of insulin that had been derived from fibrils (Fig. 5), all the other 
insulin samples which we investigated contained Fraction I as 
the major component. This observation, along with the demon- 
stration that Fractions II, III, and IV can arise from acid treat- 
ment of Fraction I, indicates that Fraction I is the main com- 
pound produced in the gland and that the other components are 
artifacts arising during the isolation of insulin. 

In connection with the structural relationships between the 
several fractions, some results should be summarized which are 
reported in detail elsewhere (2). The sedimentation constants 
of Fractions I and III were measured immediately after prep- 
aration of 1% solutions in 0.1 V HCl acid at 20° and were found 
to be 1.75 and 1.90.“ Dickinson has reported (9) an acid-cata- 
lyzed transformation of insulin in which the transformed products 
appear to differ in particle size. The similarity in sedimenta- 
tion constants between I and III would appear to eliminate this 
possibility for these components. The distribution constants 
of Fractions I and III between 2-butanol and various 0.1 & acids 
were measured. Although the distribution constants of the two 
fractions differed in each of the systems, a plot of the logarithm 
of the distribution constant of the compound against the loga- 
rithm of the distribution constant of the acid in the systems gave 
straight lines with essentially the same slope for Fractions I and 
III (2). The result is interpreted to mean that there is no differ- 
ence in the number of positive charges possessed by the two frac- 
tions in acid solution (17). A preliminary analysis of acid hy- 
drolysates of Fractions I and III by the ion exchange method 
of Moore, Spackman, and Stein (24) was made (2). With the 


* We are indebted to Professor H. K. Schachman of this depart- 
ment for the determination of the sedimentation constants. 
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possible exception of proline and cystine, the amino acid com- 
positions of Fractions I and III were in good agreement with each 
other and with those already reported by Harfenist (8). In 
another study the optical rotatory dispersion at 25° between 
320 and 690 mu of an insulin solution in 0.1 * HCl was found 
not to change during incubation for 2 days at 40° (2). Under 
similar conditions, no change was noted in the ultraviolet ab- 
sorption curve (2). The negative findings tend to eliminate 
large changes in the conformation of the molecule, hydrogen 
bonding, or state of oxidation of the phenolic groups during the 
transformation. Ryle and Sanger (25) have shown that disulfide 
interchange reactions in acid solution may be inhibited by the 
addition of thiols. The observation that the rate of transforma. 
tion of Fraction I at 25° was not influenced by the presence of 
an equal molar amount of cysteine hydrochloride (2) is in con- 
trast to what would be expected if disulfide interchange were 
involved in the transformation reaction. Fraction III was much 
more stable to the acid treatment than Fraction I; so much 80 
that it could be rechromatographed with very little change at 
25°. However, on prolonged exposure to 0.1 n HCl at 25°, it 
was converted in part to Fraction IV and other slower moving 
components, but it did not revert to Fraction I (2). This failure 
of Fraction III to revert to Fraction I was noted even when Frac- 
tion III was kept for 24 hours in slightly alkaline solution (pH 9) 
(2). The failure of III to revert to I under alkaline conditions 
may be considered as evidence against acyl migration from. N 
— O during the formation of III from I (26, 27). The only posi- 
tive result obtained in our studies on the transformation reac- 
tion was the observation that the reaction at 25° is accompanied 
by liberation of ammonia. Approximately 0.5 mole of ammonia 
per mole of insulin was formed concomitantly with the trans- 
formation of 29% of Fraction I to a mixture of the other com- 
ponents (2). Because of this and also because of the findings 
of Craig and Harfenist (7, 8) on the difference in amide content 
of insulin fractions obtained by countercurrent distribution, a 
comprehensive study of the amide content of these fractions has 
been undertaken and will form the subject matter of a separate 
communication. 

Dr. R. D. Cole has subjected Fractions I, III, and IV to ion 
exchange chromatography in the buffered urea system (12, 15). 
Fraction I behaved as a single component and was eluted in the 
same position as the main component of insulin in this system. 
Fraction IV was eluted shortly after the hold-up volume in the 
same place as a sample of desamido-insulin (insulin B) secured 
from Dr. L. C. Craig. Fraction III was eluted between the 
other two components at the same location as the “urea trans- 
formation” product (12, 13). A cross-check in which the com- 
ponents obtained by ion exchange chromatography in buffered 
urea are subjected to partition column chromatography has yet 
to be performed, but should throw further light on the interrela- 
tions between the various components isolated by these chro- 
matographic procedures. 


Improvements in the technique of partition column chroma- 
tography of insulin are reported. Use of the improved system 
revealed the presence of at least four components (Fractions I, 
II, III, and IV) in variable amounts in diverse insulin samples. 
Components II, III, and IV were formed in acid-catalyzed trans 
formation(s) of the main component (Fraction I). Fractions I, 
III, and IV were prepared in apparently homogeneous form by 


we 
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the use of three different solvent systems; each fraction was sub- 
jected to chromatography in the solvent system most likely to 
separate it from closely related components. Fractions I, III, 
and IV have approximately the same biological activity in the 
mouse convulsion assay. The possible origin of the components, 
as well as their structural relationship, is discussed. 
Acknowledgments—The authors wish to thank Drs. O. K. Beh- 
rens and E. L. Grinnan of Eli Lilly and Company for furnishing 
generous supplies of insulin and for performing the biological 
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smith and Moloney (3) applied the partition chromatographic 
system of Porter (4) to a comparative study of insulins, showing 
a difference between guinea pig insulin, on the one hand, and ox, 
pig, and sheep insulins, on the other hand. Unfortunately, the 
guinea pig insulin was not purified by the system, and differences 
among the insulins of the other species apparently were not es- 


tablished. 

Several other chromatographic i have been devel- 
oped recently for insulin (5-16). One of these which seemed 
promising was ion exchange chromatography in buffers con- 
taining urea (11). This method offered as good a resolution as 
any so far achieved with the chromatography of insulin. It 
partially resolved glucagon and insulin (17) and further afforded 
the advantage of minimizing losses resulting from proteolysis in 
the crude extracts, since it is now known that certain proteolytic 
enzymes are either reversibly or irreversibly inactivated in the 
presence of urea (18,19). After the present work was completed, 
it was learned that Thompson and O’Donnell (15) had modified 
their earlier chromatographic procedure (14) by adding urea to 
the buffers and thus obtained a very similar system. 

It was the object of this particular study to find out whether 
such a chromatographic system could be applied to the isolation 
of insulin from laboratory animals. This would entail the chro- 
matographing of relatively crude extracts as a final step in the 


purification of the hormone. 
EXPERIMENTAL PROCEDURE 


Ox, rabbit, and chicken pancreas were obtained from local 
packing houses and were kept frozen up to the time of extraction 


* A portion of this work forms part of the master’s dissertation 
of L. Mendiola, University of California, 1960. This work is sup- 
ported by grant (A-2691) from the National Institute of Arthritis 
and Metabolic Diseases, United States Public Health Service, 
and grant G-9870 from the National Science Foundation. 

t Present address, Department of Biochemistry, University of 
California Medical Center, San Francisco, California. 


in the laboratory. The rat pancreas was taken from adult Long- 
Evans rats immediately before use. 

Crude insulin extracts were prepared according to the method 
of Best et al. (20) and according to the method of Jephcott (21), 
involving acid-alcohol extraction and subsequent precipitations 
with ammonium sulfate and alcohol. 

The samples of crystalline beef insulin as well as those of the 
crystalline and crude pork preparations were obtained from Eli 
Lilly and Company.' The potency of these preparations was 
also determined by Eli Lilly and Company. 

The chromatographic column (0.64 X 30 cm) was prepared 
according to Cole (11), with the use of Amberlite IRC-50 resin 
which had been equilibrated with buffers of 0.13 u phosphate in 
5 u to 8 m urea, at pH 6.0. The protein was eluted from the 
column with the same buffer used for equilibration. All the 
chromatograms were run at 3-5°. 

The effluent fractions, or aliquots thereof, were developed for 
protein color with the use of the procedure described by Lowry 
et al. (22). The insulin activity of the crude preparations or of 
particular effluent fractions was determined by the rabbit assay 
method, based on the lowering of the blood glucose level in fasted 
rabbits after injection of the test sample. Blood sugar levels 
were determined according to Somogyi’s modification (23) of 
Nelson’s procedure (24). 


Before attempting to apply the chromatographic technique to 
insulin preparations obtained from laboratory animals, it was 
decided to try the chromatographic system on samples of insu- 
lin obtained at different stages of its industrial preparation, since 
these were readily available. Crystalline pork insulin (lot No. 
723603) was first run, with the use of 0.13 m phosphate in 8 1 
urea buffered at pH 6.0. The sample was dissolved in a small 
amount of the buffer and applied to the column. The effluent 
fractions were developed for protein color, yielding the pattern 
illustrated in Fig. 1. There appeared to be more than one com- 
ponent in the crystalline material; in addition to the main insulin 
component which came off at approximately 12 ml of effluent 
volume, there were two faster moving, although incompletely 
resolved, minor components. A similar observation had been 


made of samples of crystalline beef insulin, under the chroma- 


tographic conditions employed (11). The position of the first 
(least retained) peak, in the case of the beef samples, had been 


1 The authors are grateful to Dr. Edward Grinnan of Eli Lilly 
and Company, Indianapolis, Indiana, for these samples. 
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There are certain problems of biochemical interest, such as 
the biosynthesis of insulin or the comparative biochemistry of 
insulin, which could be studied advantageously by the direct 
isolation of the hormone from laboratory animals. The usual 
techniques of purification are unfortunately not conveniently 
applicable on a small scale. However, Grodsky and Tarver (1) 
and Light and Simpson (2) applied paper chromatography with 
some success to the isolation of insulin in studies of the biosyn- 
thesis of the hormone in bovine pancreatic tissue, but the chro- 
matography failed to separate glucagon from insulin. Gold- 
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found to coincide with the chromatographic position (10) of the 
desamido insulin component originally found by Harfenist and 
Craig (25, 26) in countercurrent distribution studies. The na- 
ture of the second minor component is not known. An impure 
sample of pork insulin, the “second salt cake” (lot No. 190-100B- 
283-1), having a potency of 2.5 units per mg (about 10% insu- 
lin), was next chromatographed with the use of the 8 M urea 
buffer. The resulting chromatogram (Fig. 24) showed a well 
defined peak at about 13 ml of effluent volume, a region charac- 
teristic of the main component of crystalline pork insulin. This 
was encouraging, since it indicated the feasibility of purifying 
such a crude preparation by chromatography. When another 
sample of the same preparation was run with a buffer of lower 
urea concentration (7 m), the insulin material was further retained 
and was better resolved (see Fig. 2B). This latter peak was 
assayed and found to be active. 

An even more impure preparation of pork insulin was next 
chromatographed. A sample of 300 mg of the “crude concen- 
trate” (lot No. 421-3GP-195A) was subjected to chromatography 
with the use of 0.13 u phosphate in 7 M urea buffer at pH 6.0 


20 40 
EFFLUENT VOLUME (mi) 
Fic. 2. A. Chromatogram of purified insulin 


partially pork 
(Eli Lilly and Company, 2.5 unite per mg) in 0.13 u phosphate in 
8 u urea buffer at pH 6.0. B of ially purified 


pork insulin (Eli Lilly and Company, 2.5 units per mg) in 0.13 x 
phosphate in 7 u. urea buffer at pH 6.0. 
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impurities, most of which have been grouped in the first large 
peak, has resulted in the insulin being held back by the column. 
The amount of color in the second peak (Fig. 3) corresponded to 
the amount of insulin estimated to be contained in the sample 
applied on the column. 

Since the chromatographic system seemed to work adequately 
with the crude commercial pork insulin preparations, the chro- 
matography of crude insulin samples prepared in the laboratory 
was then undertaken. To test our own techniques of extraction 
and preliminary purification of insulin from the pancreas, it 
seemed advisable to experiment first with beef or pork pancreas, 
graphically. Frozen beef pancreas was broken into small pieces, 
partially thawed, and ground twice in a meat grinder in the cold 
room. The ground material was placed directly into acid alcohol 
solution and extracted with stirring at 37° for at least 2 hours. 
The material was re-extracted with the same volume of fresh 
acid-alcohol solution in exactly the same manner as the first 
extraction. The extracts were combined, neutralised, and fil- 
tered. The clear filtrate was readjusted to pH 2 to 2.5 and the 
according to the method of Jephcott (21). The precipitate ob- 
tained was washed twice with ether and dried in a vacuum 
desiccator. About 80 mg of light brown powder which assayed 
at approximately 1 unit per mg were thus obtained. A sample 
of this preparation, consisting of 30 mg of the dry powder (con- 
taining about 3 mg of insulin) was dissolved in the buffer and 
applied on the column. Chromatography was carried out with 
the use of 0.13 « phosphate in 7 u. urea buffer at pH 6.0. The 
pattern in Fig. 4 was obtained. The chromatogram shows two 
large peaks, the second peak presumably being the insulin com- 
ponent. The amount of color in this latter peak corresponded to 
approximately 3 mg of insulin. To identify the second peak as 
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Fid. 4. Chromatogram of crude beef insulin preparation (about 
1 unit per mg) in 0.13 « phosphate in 7 M urea buffer. A load of 
30 mg was applied to a column 0.64 X 20 cm. 


insulin, a second chromatogram was run with the use of another 
sample of the same preparation. This time, aliquots of the 
effluent fractions were set aside for assay purposes. The chro- 
matographic pattern was essentially the same as that of the 
previous run. An aliquot of the fraction giving the highest pro- 
tein color in the second peak was assayed and found to be active. 
Furthermore, the result of the assay corresponded with the ap- 
proximate amount of insulin estimated from the protein color. 
Thus, the second peak in the last chromatogram (Fig. 4) was 
clearly the insulin component. As with the crude pork insulin 
samples, it was possible to separate beef insulin from the other 
protein impurities by the chromatography of such crude prepa- 
rations. 

The successful application of the chromatographic system to 
the isolation of insulin from extremely crude extracts of pork and 
beef pancreas led us to attempt to determine whether crude rab- 
bit insulin would likewise be resolved by chromatography. 
Frozen rabbit pancreas was extracted and treated in the same 
manner as the beef pancreas above, except that the initial ex- 
traction was carried out at 3-5°, overnight; re-extraction was 
carried out at room temperature for at least 2 hours. (Sub- 
sequent experiments with beef insulin have shown that this 
extraction procedure yields more insulin activity.) A sample 
consisting of 50 mg of the crude rabbit insulin preparation, 
estimated (by biological assay) to contain about 4 mg of insulin, 
was then chromatographed, with the use of 7 m urea buffer. 
Every other tube was developed for protein color. The resulting 
chromatographic pattern, illustrated in Fig. 5A, showed the 
characteristic large peak at the hold-up volume with a rather 
broad shoulder appearing at about 20 ml of effluent volume. 
Fractions in the region of the shoulder were assayed; the assays 
indicated that the insulin was centered in this shoulder. The 
insulin was apparently not resolved completely from the other 
components of the crude rabbit preparation, a result which was 
unexpected on the basis of the successful resolution of the pork 
and beef insulin samples. It thus appears that rabbit insulin 
comes off the column earlier than does beef insulin, under iden- 
tical conditions of chromatography. If such were truly the case, 
then it would be possible to separate a mixture of the two species 
of insulins by chromatography. This was indeed found to be so, 
as shown in Fig. 5B recording the results of an experiment in 
which a mixture of 50 mg of the crude rabbit preparation and 
2 mg of crystalline beef insulin was chromatographed, with the 
use of 7 M urea buffer. Three distinct peaks were observed. 
The fastest moving peak would contain most of the protein 
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impurities of the crude rabbit preparation along with any trans- 
formed beef insulin material (27). The second peak came off in 
the region of the shoulder in the previous chromatogram (Fig. 
5A), and the third peak came off in the region characteristic of 
beef insuli 


The conditions for the successful chromatography of the crude 
beef and pork insulin preparations did not seem adequate for the 
crude rabbit insulin. It was thus decided to improve the res. 
olution of the rabbit insulin chromatograms by employing a 
buffer of lower urea concentration (11). Consequently, a 50-mg 
sample of the crude rabbit insulin preparation was chroma- 
tographed as before, this time with the use of a 5 M urea buffer, 
With the use of this concentration of urea, rabbit insulin came 
off as a well resolved peak (Fig. 6) at about 50 ml of effluent 
volume. An assay of one of the fractions in this peak indicated 
full activity (approximately 25 units per mg) within the precision 
limits of the assay. A similar chromatogram (5 M urea) of 
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Fic. 5. A. Chromatogram of crude rabbit insulin preparation 
(about 0.8 units per mg) in 0.13 u phosphate in 7 m urea buffer at 
pH 6.0. A load of 50 mg was applied to a column 0.64 X 20 cm. 
B. Chromatogram of a mixture of crude rabbit insulin prepara- 
tion (50 mg) and crystalline beef insulin (2 mg, Eli Lilly and Com- 
pany) in 0.13 M phosphate in 7 u urea buffer at pH 6.0. The col- 
umn dimensions were 0.64 X 20 cm. 
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Fic. 6. Chromatogram of crude rabbit insulin preparation ( 
mg) in 0.13 m phosphate in 5 M urea buffer at pH 6.0. The colums 
dimensions were 0.64 X 20 cm. 
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Fic. 7. Chromatogram of crude chicken insulin preparation 
(40 mg) in 0.13 u phosphate in 7 u urea buffer at pH 6.0. The col- 


umn dimensions were 0.64 X 20 cm. 


off at about 50 ml of effluent volume. Thus, whereas the two 
insulins in a mixture were separable when chromatographed in 
7 M urea buffer, such separation would not be possible at the 
lower urea concentration. 

An attempt was made next to apply a similar chromatographic 
system to the separation of chicken insulin from crude pancreatic 
extracts prepared in exactly the same manner as the rabbit prepa- 
ration. Chromatography was carried out with 0.13 M phosphate 
in 7 M urea, at pH 6.0. The pattern obtained was quite dif- 
ferent from any of the previous ones obtained with the other in- 
sulins (Fig. 7). In this instance, most of the insulin activity was 
recovered in the first large peak. Lowering the urea concentra- 
tion of the buffer did not improve the resolution of the chroma- 
tograms. To make certain that some extraneous factor did not 
cause the failure of the chicken insulin to resolve from the peak 
of impurities at the hold-up volume, a mixture of the crude 
chicken insulin preparation and crystalline beef insulin was chro- 
matographed. This time, two main peaks were seen. The 
first peak appeared as in the previous chromatogram of the 
chicken preparation, and the second peak came off in the region 
characteristic of beef insulin. Thus, the chromatographic be- 
havior of chicken insulin was characteristic of this species and 
quite different from beef insulin or any of the other insulins 
tested. Preliminary experiments with rat insulin indicated a 
chromatographic behavior similar to that of chicken insulin. 

Since chromatographic differences had been found among the 
insulins of other species, an attempt was made to demonstrate a 
difference in the elution volumes of beef and pork insulins. A 
series of 10 pairs of chromatograms was run in which each pair 
consisted of the comparison of a chromatogram of pork insulin 
with one of beef insulin run under identical conditions on the 
same column but on the succeeding day. In every case the beef 
insulin was retained longer (22 + 3% longer). A mixture of the 
two insulins was not resolved chromatographically into two 
peaks, but gave on chromatography a broad peak which was the 
sum of two independent peaks, one at the position expected for 
pork insulin and the other at the position of beef insulin. 


DISCUSSION 
It is interesting to note the differences in the chromatographic 
behavior of different species of insulins. The results obtained 
in the present experiments may be compared with those of Gold- 
smith and Moloney (3) who used the partition chromatography 
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of Porter (4) to chromatograph crude pancreatic extracts from 
ox, sheep, pig, rabbit, and guinea pig. Although differences 
among ox, sheep, pig, and rabbit insulins were not established, a 
difference in chromatographic behavior between ox and guinea 
pig insulins was demonstrated by chromatographing a mixture 
of the two insulins. These latter findings are similar to those 
obtained in this study using chicken, rat, and rabbit insulin. 
In the present case too, the reality of the chromatographic dif- 
ferences has been confirmed by the results of chromatographing 
mixtures of insulins from different species. The differences 
between chicken and rabbit insulins and between rabbit and beef 
were observed not only as different elution volumes in 0.13 1 
phosphate-7 M urea, but were also observed as differences in the 
sensitivity of the different insulins to changes in urea concentra- 
tion. 

Although the difference between the chromatography of 
chicken insulin and that of beef insulin might be due merely to a 
difference in amide content, other explanations are possible. 
(The coincidence of the peaks of beef desamido insulin and 
chicken insulin is of little significance, since they are both eluted 
at the hold-up volume and consequently have been exposed to 
negligible resolving power.) The chromatographic difference 
could just as easily be explained as a difference in amino acid 
composition or amino acid sequence in the peptide chain. The 
fact that such differences can by detected with the use of this 
chromatographic system was demonstrated by a small but real 
difference between the elution volumes of pork and beef insulin 
which are known to differ slightly in amino acid composition and 
sequence (28). Furthermore, any change in the amino acid 
composition or sequence which would reduce ion exchange 
binding by lowering the net positive charge on the protein or by 
masking positive charges on the surface of the protein, could 
account for the lack of retention of chicken insulin. Alter- 
natively, this lack of retention could be explained as the result of 
reduced hydrogen bonding, if chicken insulin were assumed to be 
of a more compact (and stable) configuration in urea than the 
main component of beef insulin. That the chromatographic 
difference in the case of beef and rabbit insulin is the expression 
of physical or chemical differences other than simply numbers of 
amide groups is clear, since the chromatography of rabbit insulin 
is not like that of any component of beef insulin. Chromato- 
graphically then, beef, pork, rabbit, and chicken insulins are 
distinct from one another. It will be of interest to determine 
what chemical or physical differences exist between beef and rab- 
bit insulin, particularly because these differeaces would seem to 
be greater than the difference between pork and beef insulins. 

The chromatographic method outlined in the present experi- 
ments affords possibilities for preparing insulin from different 
species for comparative biochemical studies. The method might 
be applied further to the study of insulin biosynthesis, following 
the rate of incorporation of labeled amino acids under various 
nutritional and endocrinological conditions, or to the preparation 
of C**-labeled insulin for tracer work. 


The isolation of insulin from crude pancreatic extracts from 

pork, beef, and rabbit tissue was made possible by ion exchange 

y on Amberlite IRC-50 resin with the use of 

buffers of 0.13 u phosphate-5 to 7 M urea, at pH 6.0. The chro- 

matographic system failed to work with chicken and rat insulin 
preparations, however. 
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The different species of insulins were distinguishable from each 
other, chromatographically, by their different elution volumes 
and different sensitivities to changes in urea concentration. 
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Observations on the Fluorescence and Toxicity 
of Botulinum Toxin* 
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Many proteins exhibit a characteristic fluorescence which is 
believed to be due to the particular composition and structure 
of the protein. Boroff and Fitzgerald (I) and Boroff (2) have 
reported that when botulinum toxin is treated with alkali, cer- 
tain iron salts, or with antisera to the toxin, there is a decrease 
in fluorescence which correlates with the resulting decrease in 
toxicity. They suggested that the structure responsible for 
fluorescence and toxicity are the same or sufficiently related to 
react concurrently with a detoxifying agent. Any relationship 
between the biological activity of a protein and a physical prop- 
erty such as fluorescence would be exceedingly important and 
it was of interest therefore to determine if other agents which 
alter protein structure result in a similar correlation between 

EXPERIMENTAL PROCEDURE 

Crystallized botulinum toxin (type A), crystalline bovine 
serum albumin (Armour and Company), and ovalbumin (Worth- 
ington Biochemical Corporation) were dissolved in 0.05 M acetate 
buffer at pH 3.8 and 0.05 mu phosphate buffer at pH 6.8, at a 
concentration of 2 mg per ml. These pH values were chosen 
to determine the fluorescence on either side of the isoelectric 
points of the respective proteins. The experimental controls 
were made by diluting the protein solution with an equal volume 
of the appropriate buffer. The preparations treated with urea 
and guanidine were made up either by dissolving a calculated 
amount of the denaturant and then diluting to a fixed volume 
or by dilution with the appropriate volume of a concentrated 
solution. The preparations treated with sodium thioglycollate 
were prepared by mixing 1 ml of 0.2 M thioglycollate solution 
with 1 ml of protein solution containing 2 mg per ml. All studies 
were carried out at room temperature. 

Fluorescence was measured at 330 my with an activation wave 
length of 290 my, with an Aminco-Bowman spectrophotofluorom- 
eter in conjunction with an IP 28 photomultiplier tube, mer- 
cury-xenon arc source, and the manufacturer’s recommended 
slit combinations. The data are expressed as instrumental val- 
ues and are uncorrected for the over-all spectral response of the 
instrument (see Duggan et al. (3)). Emission intensities were 
recorded from samples initially containing 1 mg of protein per 
ml, serially diluted down to 0.016 mg per ml with either the 
corresponding buffer or 6 M urea made up in the corresponding 
buffer. 


*The terms “botulinus” and “botulinal,” as well as “botuli- 
num,” have been used to describe the toxin from Clostridium bot- 
ulinum. The term“botulinum toxin,” shortened from Clostridium 
botulinum, has come into common use. 


DEAE-Cellulose was synthesized and columns prepared ac- 
cording to the methods of Sober and Peterson (4, 5). A column 
size of 0.9 X 10 cm was used and a flow rate of 10 to 12 ml per 
hour was obtained under 6 to 7 cm Hg pressure. Stepwise elu- 
tion was carried out with potassium phosphate buffers at a con- 
stant pH (6.5) and the ionic strength was doubled for each eluant 
by the addition of KCl. The toxicity of the botulinum prep- 
arations was determined by bioassay (6). 


In the presence of 6 M urea, botulinum toxin preparations 
rapidly lost toxicity at both pH 3.8 and 6.8. Within 15 minutes, 
it was reduced to less than 5% of the original and after 1 hour 
to less than 1%. Some typical results are presented in Table I. 
It is seen that, despite the nearly complete loss of toxicity, the 
fluorescence did not change significantly and was substantially 
the same as a control without urea. After 1 hour, the urea was 
removed from the urea-treated toxin by dialysis; there was nei- 
ther a restoration of toxicity nor a change in fluorescence. A 
plot of the fluorescence intensity as a function of protein con- 
centration is shown in Fig. 1. Dissociation of fluorescence and 
toxicity was also observed when both were measured at varying 
concentrations of urea and guanidine (Fig. 2). Loss of toxicity 
began in solutions of urea between 3 and 4 M and was complete 
to the extent of 99% or more at 6 M and above. No appreciable 
loss of fluorescence was observed up to 10 u. However, some 
quenching appeared to take place in 10 u urea when the toxin 
concentration was 0.4 mg per ml or higher. Loss of toxicity 
in guanidine solutions began at about 1 M and was complete to 
the extent of 95% or more at 3 M or higher. Loss of fluorescence 
in guanidine solutions began at molarities of about 2 and was 
90% complete at 7 u. These results parallel the denaturation 
and loss of biological activity observed with many proteins at 
similar urea concentrations (e.g. (7)). 

The effect of urea treatment on the fluorescence of two other 
exposed to 6 M urea for 1 hour, bovine serum albumin lost about 
70% of its fluorescent intensity. Removal of the urea by di- 
alysis resulted in the complete restoration of the fluorescence. 
Ovalbumin behaved similarly in the presence of urea, but its 
fluorescence was not restored completely upon dialysis. These 
results are shown graphically in Fig. 3. 

When botulinum toxin was chromatographed on DEAE-cel- 
lulose, several fractions were obtained, although the starting 
material was homogeneous in electrophoresis and in the ultra- 
centrifuge. Bioassay disclosed that some of the fractions were 
reduced in specific activity (LD per mg of VM. Fluorescence 
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Effect of treatment with urea on fluorescence and 
toxicity of botulinum tozin 


1. Toxin in 0.05 m acetate at pH 3.8 100 1.4 X 10° 
2. Toxin in 0.05 m phosphate at pH 6.8 100 1.0 X 10° 
3. Solution 1 in 6 m urea for 1 hour 0.6 | 1.2 X 10 
4. Solution 2 in 6 M urea for 1 hour 1.0 1.0 X 10° 
5. Solution 3 dialyzed free of urea 1.01. o X 10° 


* The actual toxicity of the toxin solution which contained 2 
mg per ml was 6 X 10’ LD. per ml. The detoxification with 
urea was too rapid to permit a zero time sample to be obtained; 
therefore, it has been assumed that the assay obtained with the 
experimental controls (3 X 10’ LD. per ml) represented the 100% 
figure for the experiments. 

t All samples were diluted to a range in which fluorescence was 
linear with respect to concentration. The values in the table 
were all made at 0.25 mg per ml. 
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Fic. 1. The effect of urea on the fluorescence intensity of type 
A botulinum toxin at different concentrations. G A, toxin in 
phosphate buffer, pH 6.8; A——A, toxin in phosphate buffer and 
6 M urea; O——O, toxin in acetate buffer, pH 3.8; @——@, toxin 
in acetate buffer and 6 M urea. 


measurements were also carried out, and the results of one ex- 
periment are summarized in Table II. It is apparent that the 
fraction eluted at a I’ /2 of 0.32 had a significantly lowered toxicity 
and the fraction eluted at a T/2 of 0.64 had lost 75% of its toxicity, 
yet both of these fractions had fluorescences even higher than 
the original material. Because it appeared likely that the loss 
of toxicity on the column was due to surface inactivation, an 
experiment was carried out in which a chromatographic separa- 
tion was performed on toxin which was adsorbed on the column 
for 5 days. The elution pattern was changed markedly and 
most of the protein could not be recovered with the solvents 
used. The peak obtained at an ionic strength of 0.16 which 
had heretofore exhibited a very high specific toxicity was reduced 
more than 60% in toxicity with no loss in fluorescence. 

It has also been found possible to reduce fluorescence without 
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Fic. 3. The effect of urea on the fluorescence intensity of bovine e 
plasma albumin and ovalbumin at different concentrations. — Upor 
, bovine plasma albumin in phosphate buffer, pH 68; § albu 
A—A, bovine plasma albumin in phosphate buffer and 6 1 redu- 
urea; X——X, bovine plasma albumin after removal of urea by de 
dialysis; O——O, ovalbumin in phosphate buffer, pH 6.8; 
, ovalbumin in acetate buffer and 6 M urea; @——@, ene 


ovalbumin after removal of urea by dialysis. tion. 
sic Vi 
Taste II 
Toxicity and fluorescence of fractions of botulinum tozin simnil 
eluted from DEAE-cellulose column 
pal 
Ionic strength of eluant) Protein, | specific toxicityt 
mg — Webs 
0.08 0.13% 2.5 X 10’ 1.1 & 10° struc 
0.16 1.24 3.0 X 10° 6.6 X 10° ; 
0.32 1.63 1.5 X 10° 6.1 X 10 i. 
0.64 0.28 0.6 X 10? 6.8 X 10° “ 
Original 5.85 2.3 & 107 4.3 X 10° 
* By ultraviolet absorption at 277 and 260 mu. 
t From peak tube. 


t This value is of questionable accuracy because optical densi- 
ties were not much greater than the blanks. 


— 
Relative 
Experimental conditions toxicity Fluorescence 
4 of 
1000 ° 
/ 
| 
o ° 


1 


December 1960 


affecting toxicity. Botulinum toxin in 0.1 m thioglycollate solu- 
tion showed very little fluorescence (<0.1% of original) without 
any notable loss in toxicity (85% of original). This thioglycol- 
late-induced destruction of fluorescence was also observed with 
serum albumin and egg albumin, suggesting that the effect may 
be due to a nonspecific quenching rather than to any chemical 
change in the proteins. It is interesting to note that the fluo- 
rescence of tryptophan is not reduced to a great extent by the 
same concentration of thioglycollate. 


These data indicate clearly that the molecular configuration 
of the botulinum toxin molecule necessary for toxicity can be 
altered to the point of almost complete loss of the toxicity with- 
out a change in the fluorescence. The hypothesis proposed by 
Boroff and Fitzgerald (1), that some specific region of the mole- 
cule responsible for toxicity is also responsible for fluorescence, 

must therefore be considered invalid. Their observations may 
be explained on the basis that the reagents caused a proportional 
destruction of two separate structures. 

The statement by Boroff and Fitzgerald (1) that the fluores- 
cence of botulinum toxin, serum albumin, and fibrinogen is much 
greater than can be accounted for by their tryptophan, tyrosine, 
and phenylalanine content is open to question. Weber (8) has 
measured the quantum yield of a series of proteins, including 
serum albumin, containing both tryptophan and tyrosine, and 
observed a maximal quantum yield of 0.3. In our hands also, 
serum albumin and botulinum toxin gave yields within the 
expected range. 

The reduction of the fluorescence of serum albumin in the 
presence of urea and its complete restoration upon removal of 
the urea is directly comparable to changes in a series of properties 
measured by Neurath (9, 10) in studies on the reversible dena- 
turation of this protein. Serum albumin recovered from urea 
treatment was shown to have approximately the same solubility, 
electrophoretic mobility, viscosity, anion-combining ability, and 
immunological specificity as the starting material. There is 


considerable evidence to demonstrate that the way urea dena- 


tures proteins is through the rupture of hydrogen bonds which 
are necessary for the maintenance of configurational stability. 
Upon removal of the urea, certain proteins, among them serum 
albumin, are able to return to their original configuration. The 
reduction in the fluorescence of serum albumin in the presence 
of urea is due, then, to a change in configuration. The fluores- 
cence data on ovalbumin are also in accord with this interpreta- 
tion. This protein is irreversibly denatured by urea. Its intrin- 
sic viscosity, for example, is only partially restored by diluting 
out the urea (11). The fluorescence of ovalbumin followed a 
similar pattern, showing a great reduction in urea solution and 
a partial restoration upon removal of the urea. The reduction 
of fluorescence polarization in the presence of urea for many 
proteins containing tryptophan has been reported recently by 
Weber (8). He too has emphasized the importance of secondary 
structures in this phenomenon. — 

i Weber found that the fluorescence polarization of the proteins 
studied, including bovine serum albumin, did not return to the 
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In the light of the interpretation that molecular configuration 
contributes so importantly to fluorescence, the retention of flu- 
orescence by the toxin in the presence of 6 urea is rather sur- 
prising, and even more so in view of indications (13-15) that 
even minor alterations in its hydrogen-bonded structure lead to 
a loss of toxicity, and for at least one of these changes (that due 
to alkali), to a loss of fluorescence. The structural configura- 
tion necessary for maximal fluorescence of the toxin must reside 
in a well protected portion of the secondary structure, whereas 
the structure responsible for toxicity is in a much more vulner- 
able position. 


The suggestion that the fluorescence and toxicity of botulinum 
toxin were due to a common structure within the molecule has 
been found to be invalid. It was found possible to inactivate 
the toxin by treatment with urea and by adsorption on a cel- 
lulose ion exchange resin without parallel reduction in fluores-. 
cence. The role of native configuration in protein fluorescence 
has been discussed. 

Acknowledgments—The authors wish to extend their apprecia- 


tion to Dr. Gregorio Weber for his helpful discussion. The tech- 
nical assistance of James M. Watry and Gerald A. Dominick in 


this work is gratefully acknowledged. 
REFERENCES 
1. A., AND FitzGerRa.p, J. E., Nature (London), 181, 
2. Bosorr, D. A., Intern. Arch. Allergy Appl. Immunol., 18, 74 
1959). 

3. Dueean, D. E., Bowman, R. L., Bropiz, B. B., ann Upen- 
FRIEND, S., Arch. Biochem. Biophys., 68, 1 (1957). 

4. Peterson, E. A., anp Soper, H. A., J. Am. Chem. Soc., 78, 
751 (1956). 

5. Soper, H. A., Gutrer, F. J., Wyrcxorr, M. M., Ado Perer- 
son, E. A., J. Am. Chem. Soc., 78, 756 (1956). 

6. Boor, A. K., Tresseit, H. B., ann Scuantz, E. J., Proc. 
Soc. Exptl. Biol. Med., 50. 270 (1955). 

7. Nevratn, H., Rupzey, J. A., anp Drever, W. J., Arch. Bio- 
chem. Biophys., 66, 243 (1956). 

8. Weser, G., Biochem. J., 76, 345 (1960). 

9. Nevrats, H., Coor zn, G. R., anp Erickson, J. O., J. Biol. 


Chem., 142, 249 (1942). 

10. Ericxson, J. O., Ad Nevuratn, H., J. Exptl. Med., 78, 1 
(1943). 

11. Buu, H., J. Biol. Chem., 96, 353 (1932). 

12. KAUZMANN, W., in W. D. MeExnor Aub B. Giass (Editors), 
The mechanism of enzyme action, The Johns Hopkins Press 
Baltimore, 1954, p. 102. 

13. E. J., aND Spero, L., J. Am. Chem. Soc., 79, 1623 

1957) 
14. Spero, L., anp Scnantz, E. J., J. Am. Chem. Soc., 79, 1625 


(1957). 
15. Spero, L., Arch. Biochem. Biophys., 78, 484 (1958). 


original pattern after removal of the urea. This with 
our findings may be due to the fact that Weber allowed the pro- 
teins to stay in urea for 24 hours. ing this period, some di- 
sulfide interchange may have occurred. The subject of trans- 
formation to a random coil in the presence of urea and the role of 
disulfide bridges in its reversal has been discussed extensively by 
Kauzmann (12). 
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Hydroxyproline Metabolism 


II. ENZYMATIC PREPARATION AND PROPERTIES OF 4'-PYRROLINE-3- 
HYDROXY-5-CARBOXYLIC ACID*t 


ELIzAH ADAMS AND ALFRED GOLDSTONE 


From the Department of Pharmacology, Saint Louis University School cf Medicine, Saint Louis, Missouri 


(Received for publication, June 13, 1960) 


Although t-hydroxyproline is a quantitatively significant con- 
stituent of total animal protein (6) and as a free compound is 
rapidly metabolized by the intact mammal (7), definition of the 
ensymatic steps in its metabolism is still quite incomplete. Earlier 
studies of the utilization of t-hydroxyproline by particulate tis- 
sue preparations (8, 9) suggested that an initial metabolic reac- 
tion may be oxidation to A'-pyrroline-3-hydroxy-5-carboxylic 
acid, a cyclic structure that represents an internal Schiff base and 
has been assumed to exist in equilibrium with the hydrolyzed 
open chain form, 2-amino-4-hydroxyglutaraldehydic acid (y-hy- 
droxyglutamic-y-semialdehyde). 


CHO 
HO HCOH 


Identification of this oxidation product was based primarily on 
the formation of a derivative, the presumptive 2, 4-dinitropheny]- 
osazone (8, 9) of the open chain form, and on the formation of 
the analogous A'-pyrroline-5-carboxylic acid from oe 
the same mitochondrial preparation (8). , 

oxidation product and studies of its utilization as a substrate in 
subsequent metabolic reactions require the availability of the 
free compound in relatively pure state. This paper will describe 
the enzymatic preparation, the purification, and some chemical 
properties of the mitochondrial oxidation product of t-hydroxy- 
proline. Accompanying papers (4, 5) describe further enzymatic 

* This investigation was supported by research grants from the 
National Science Foundation (G-5207) and the United States Pub- 
lic Health Service (E-2444). 

t Some of this work has been published in preliminary form 
(1, 2). Paper I of this series concerned the bacterial metabolism 
of hydroxyproline (3) whereas this and the succeeding two papers 
(4, 5) deal with hydroxyproline metabolism in mammalian tissues. 

1 The name “proline oxidase (8) has been associated with the 
mitochondrial preparation which oxidizes both L-proline and L- 
hydroxyproline; from kinetic observations with unpurified prep- 


arations it has been suggested „ 
the oxidation of both substrates 


enzymatic evidence support the formulation, Al- pyrroline- 
hydroxy-5-carboxylate, in which the configuration at both op 
tically active carbons is that of the precursor, Lhydroxyproline. 
Further observations indicate that in solution the compound 
reacts predominantly as the pyrroline structure rather than a 
the hydrolyzed open chain compound (7-hydroxyglutamic semi- 
aldehyde) originally postulated as an equilibrium form (8). 


EXPERIMENTAL PROCEDURES 


t-Hydroxyproline was a commercial product obtained either 
from Mann Chemical Company or the California Foundation for 
Biochemical Research and used without further purification. 
Dowex 50-X8 (100 to 200 mesh) in the H+ form (Dow Chemical 
Company) was prepared for use by successive washings with 
several column volumes each of 5 n HCl, 5 , NaOH, and 5x 
HCl, followed by water. Dowex l-acetate was prepared a 
described by Hirs et al. (10). pt-A'-Pyrroline-5-carboxylate was 
prepared chemically from the 2,4-dinitrophenylhydrazone of 
¥ ,y-dicarbethoxy-y-acetamidobutyraldehyde (11) (A generow 
gift of the phenylhyrazone from Dr. H. J. Strecker is acknowl 
edged.) and purified by chromatography through Dowex 50-H*. 
The compound was eluted with 0.3 n HCl and used without 
further purification. o-Aminobenzaldehyde was prepared from 
o-nitrobenzaldehyde (12) or purchased from K and K Labon- 
tories. Sodium borohydride of approximately 90% purity was 
obtained from Metal Hydrides, Inc., and was assayed iodo 
metrically (13). Aspartic semialdehyde (14) and homoserine 
dehydrogenase (15) were gifts of Dr. S. Black. 

Ascending chromatography was carried out on Whatman No. 
filter paper. Absorbancy of colored solutions was measured ins 
Beckman model DU spectrophotometer in 1-cm cuvets, or in 
Lumetron colorimeter (Photovolt Corporation). Pyrroline com- 
pounds were detected or assayed by formation of a colored com- 
pound with o-aminobenzaldehyde by the method described for 
A!-pyrroline-5-carboxylate (16). Hydroxyproline was assayed 
by a modification of the Neuman-Logan method (17). A'-Pyr- 
roline compounds were also assayed with A'-pyrroline dehydro 
genase as described in an accompanying paper (5). A'-Pyrro 
line-3-hydroxy-5-carboxylate could in addition be measured 
hydroxyproline after reduction with excess sodium borohydride 
(1). Enzymatic and borohydride assays of A'-pyrroline-3-hy- 
droxy-5-carboxylate agreed closely under all conditions, and 
served as a basis for standardizing the color yield in the o- amino 
benzaldehyde reaction. 
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PREPARATION OF 
The particulate preparations used for the enzymatic formation 
of the pyrroline product from Lhydroxyproline were simplified 
modifications of the rabbit kidney preparations (18) used by 
Taggart and Krakaur (8). Beef kidneys, either fresh or after 
several days storage at 4°, were obtained from a packing house, 
trimmed of pelvic fat and connective tissue, cut into small cubes, 
and homogenized in a Waring Blendor in 10 volumes of 0.05 u 
potassium phosphate buffer, pH 7.3, containing 0.9% potassium 
chloride. All of these procedures were carried out at 0-5°. It 
was convenient to work with a quantity of about 1 kg per run 
and to homogenize in 50 g batches. The homogenate was 
centrifuged for 10 minutes at 0° and 16,000 x g (Lourdes re- 
frigerated centrifuge, model LRA, VRA head, 10,000 r.p.m.). 
The precipitate was washed once with half the original volume 
of cold potassium phosphate, 0.05 M, pH 7.3. At this stage, the 
preparation was sometimes stored at 5° for several days without 
reduction in yield of product. The washed residue (600 to 800 
ml, packed volume) was suspended in 1 liter of potassium phos- 
phate, 0.05 u, pH 7.5, containing 4 g of t-hydroxyproline and 
0.002 M. ethylenediaminetetraacetate.2 The suspension was in- 
cubated for 15 to 18 hours in 2- liter Erlenmeyer flasks (approxi- 
mately 500 ml per flask) at 37° on a New Brunswick platform 
shaker (model G-25, about 200 strokes per minute). The reac- 
tion was stopped by addition of solid trichloroacetic acid to 5%; 
after several hours at 5°, the heavy precipitate was removed by 
centrifugation. The incubation mixture in trichloroacetic acid 
could be stored at 5° for at least several days without loss of 
yield. The precipitate was washed with 500 ml of 5% trichloro- 
acetic acid and the pooled wash and supernatant solution (1800 
to 2000 ml) was extracted repeatedly with 750 ml of ether until 
the pH of the aqueous phase was 4 to 5 (8 to 10 extractions re- 
quired). The aqueous phase was then diluted with 2 volumes 
of water and passed through a Dowex 50-H* column (4.5 x 40 
em). After the entire charge had been added, 0.3 n HCl was 
passed through the column at a rate of approximately 1 ml per 
minute. Eluates were tested for pyrroline (o-aminobenzaldehyde 
reaction) and for hydroxyproline. The pyrroline product was 
generally eluted from the column between 3000 and 4500 ml, 
followed closely by hydroxyproline. In several instances an 
overlap of up to 100 ml occurred between the end of the pyr- 
roline peak and the beginning of the hydroxyproline peak. The 
tubes containing both compounds were either discarded (inas- 
much as they represented only a small fraction of the total 
pyrroline product), or were reserved for further chromatography 
through Dowex l-acetate. The pyrroline-containing eluates 
were pooled and represented a yield per preparation of 3 to 5 
mmoles in a volume of 1 to 2 liters. Recovery of A'-pyrroline- 
3-hydroxy-5-carboxylate from Dowex 50 chromatography repre- 
sented about 90% of the quantity present at the end of the in- 
cubation, as determined by the o-aminobensaldehyde reaction. 
The total pyrroline compound formed enzymatically never ex- 
ceeded 20% of the initial hydroxyproline; although varying 


* The use of ethylenediaminetetraacetate, suggested by its re- 
ported stabilization of proline oxidase in rat liver preparations 
(19), resulted in approximately twice the final yield of pyrroline. 

# A}. ne-5-carboxylate can be prepared enzymatically by 
substituting 1-proline for I-hydroxyproline and carrying out the 
same incubation and separation procedures described above; the 
pyrroline compound can be separated from the bulk of residual 
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concentration was found to increase the yield. 

After elution from Dowex 50, A'-pyrroline-3-hydroxy-5-car- 
boxylate was 50 to 60% pure as determined by the dry weight 
of aliquots after assay. Paper chromatography in a number of 
solvents revealed multiple ninhydrin-positive spots, only one of 
which appeared to be the pyrroline compound by comparison 
with chromatograms of more purified preparations. Kept at 
this stage, solutions of A'-pyrroline-3-hydroxy-5-carboxylate (2 
to 5 mu in 0.3 * HCl) were stable for at least 6 months at — 15°. 
Such solutions could be concentrated by evaporation to dryness 
under a filtered air stream at room temperature, or by evapora- 
tion under reduced pressure (Labglass Flash Evaporator, bath 
temperature 40°). Dried material was taken up in about one- 
tenth the original volume of water and generally showed less 
than 5% loss by enzymatic or chemical assay; on concentration, 
however, solutions took on a distinct yellow color that deepened 
on storage. Such concentrated solutions were also stable for 
months at —15°. In contrast, either dilute or concentrated 
solutions, neutralized to pH 8 to 9 with solid potassium carbon- 
ate, showed variable but significant losses of assayable A!-pyrro- 
line-3-hydroxy-5-carboxylate on storage for 1 week at tempera- 
tures of 5° or —15°. 

For subsequent purification, A'-pyrroline-3-hydroxy-5-car- 
boxylate in relatively salt-free solutions was 
on Dowex I- acetate and then on columns of charcoal (Fisher, 
Norit A). By dry weight, pooled eluates from charcoal columns 
were 90 to 95% pure. In a typical run, 580 ml of eluates pooled 
from Dowex 50 chromatography and containing 1293 umoles of 
the pyrroline compound were repeatedly evaporated to dryness 
to remove HCl and taken up in 230 ml of water (final pH, 4.0 
and final concentration of A'-pyrroline-3-hydroxy-5-carboxy late, 
1219 wmoles). The solution was neutralized to pH 6.8 with a 
few milligrams of potassium carbonate and passed through a 
Dowex l-acetate column (4.5 x 40 cm). The column was 
washed with 1.5 column volumes of water and eluted with 0.5 
N acetic acid. After 890 ml, A'-pyrroline-3-hydroxy-5-carbox- 
ylate was eluted in a volume of 204 ml containing 1040 yumoles. 
This preparation was estimated as 80% pure by comparison of 
its activity in the enzymatic assay with dry weight. Solutions 
dried in a vacuum over potassium hydroxide and calcium sulfate 
darkened to yellow-brown and when redissolved and assayed ap- 
peared to have lost 10 to 20% of the original activity. Of 
the solution of A'-pyrroline-3-hydroxy-5-carboxylate eluted 
from Dowex 1-acetate, 40 ml (204 wmoles) were neutralised to 


proline on similar Dowex 50 columns and is eluted from Dowex 
50-H at about 6 to 7 column volumes, in advance of the peak repre- 
senting residual proline. Paper chromatograms, however, indi- 
cated that pooled eluates containing the pyrroline product were 
contaminated with a number of ninhydrin- positive —— 
Although ensymatic preparation of A'-p 

from L-proline with the kidney enzyme is thus a potentially — 
source of the stereospecific I- isomer of the pyrroline compound, 
its further purification would seem desirable. The anticipated 


For chemically made A'-pyrroline-5-carboxylate, the quantity of 
DPNH formed per unit of o-aminobensaldehyde complex was one- 
half that of the ensymatically formed compound. 
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incubation conditions were not thoroughly explored, neither 
oxygenation, longer incubation, nor higher initial hydroxyproline 
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PROPERTIES OF A'-PYRROLINE-3-HYDROXY-5-CARBOXYLATE 


Paper Chromatography 

After purification through Dowex 1, Al- pyrroline-3-hydroxy- 
5-carboxylate chromatographed as a single spot (Table I) which 
could also be identified in the complex of spots seen on chro. 
matograms of the less purified preparation obtained from the 
Dowex 50 column. It is notable that even in preparations 
yielding multiple ninhydrin-positive spots, only a single spot 
could be made visible with isatin or with o-aminobenzaldehyde 
(Table I). The position of the spots seen with isatin and 
o-aminobenzaldehyde corresponded to that of the single spots 
in purified preparations. 


pH 6.5 by addition of solid potassium carbonate and passed 
through a charcoal column (1.2 X 10 cm). The column was 
washed with 200 ml of water and eluted with 0.1 * hydrochloric 
acid. A'-pyrroline-3-hydroxy-5-carboxylate was eluted from the 
column between 50 and 138 ml. The combined eluates were 
concentrated under reduced pressure to a volume of 2 ml; an 
aliquot assayed for A!-pyrroline-3-hydroxy-5-carboxylate indi- 
cated a total of 189 umoles recovered from the column. The 
bulk of the sample, 181 ymoles, weighed 33.0 mg after drying 
in a vacuum. Theoretical weight for the assayed quantity of 
the hydrochloride is 30 mg, indicating approximately 90% purity. 

The dried material, presumed to be the hydrochloride of 
A'-pyrroline-3-hydroxy-5-carboxylic acid remained a brittle 
yellow glass on desiccation, but became gummy and darkened 
rapidly on exposure to air. Assays of the desiccated sample 
indicated no loss of borohydride-assayable A'-pyrroline-3-hy- 
droxy-5-carboxylate on drying. 


Stability 

Dilute solutions of A'-pyrroline-3-hydroxy-5-carboxylate ap. 
peared stable for many months when stored at —10° in dilute 
HCl, although a deepening yellow color appeared. As shown by 
the following tests, alkaline pH values may be even more sta- 
bilizing. A'-pyrroline-3-hydroxy -5-carboxylate solutions (ap- 
proximately 2 mm) were buffered with 0.1 M potassium phosphate 
at the three pH values, 1.9, 7.0, and 10.9, and heated at 100°, 
Samples were removed at intervals for assay by borohydride 
reduction and showed loss of the pyrroline compound at intervals 
as follows: for pH 1.9, 41% loss at 15 minutes and 65% loss at 0 
minutes; for pH 7.0, 47% loss at 15 minutes and 79% loss at 
30 minutes; for pH 11.0, 22% loss at 15 minutes and 51% los 
at 30 minutes. The pH stability of A'-pyrroline-3-hydroxy-5 
carboxylate is quite distinct, therefore, from that observed for 
A'-pyrroline (21), for which the stability is greatest at low pH 
values. A point of particular interest is the relatively great 
stability of A'-pyrroline-3-hydroxy-5-carboxylate in contrast with 
— —.— that of the isomeric A'-pyrroline-4-hydroxy-2-carboxylate which 
dehydrates extremely readily to form pyrrole-2-carboxylate 
(3, 22). 


Rr Absorption Spectra 

Visible and Ultraviolet—Dilute solutions (0.1 mm) of Al- pyrro- 
line-3-hydroxy-5-carboxylate in strong acid, or at pH 6.8 or 
9.0, showed no absorption peak but rather increasing end ab- 
sorption with shorter wave lengths. Dilute solutions of the glass 
obtained after drying, however, showed a single absorption peak 
at 300 muy, seen in neutral and alkaline, but not in acid solutions. 
Since this peak appeared only after drying, it was considered to 
be caused by a decomposition product of the pyrroline compound. 


TaB.e I 

Paper chromatography of A'-pyrroline-8-hydrory-5-carbozylate 

A'-Pyrroline-3-hydroxy-5-carboxylate, purified by Dowex 50 
and Dowex 1 chromatography, was applied to Whatman No. 1 
paper in several spots containing a total of 0.06 wmoles. Spots 
were made visible by spraying with ninhydrin (0.4% in ethanol), 
isatin (20), alloxan (20), and o-aminobenzaldehyde (1 mg per ml 
in ethanol containing 1% trichloroacetic acid). After spraying, 
papers were heated at 100° for 10 minutes. Spots sprayed with 
ninhydrin were purple to lavender-brown and remained for 
months without fading. Spots were pale blue with isatin, orange 
to red with alloxan; spots sprayed with o-aminobenzaldehyde were 
a deep yellow which could be seen only transiently since the back- 
ground deepened rapidly to the same color. 
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»The 
hyde complex was formed by incubating 1 umole of A'-pyrroline- 
3-hydroxy-5-carboxylate in 0.5 M acetic acid with an equal volume 
of 1% o-aminobenzaldehyde in ethanol. Spots were bright yellow 
and visible directly. 
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WAVELENGTHS IN MICRONS 
Fig. 1. Infrared spectrum of A'-pyrroline-3-hydroxy-5-car- 
boxylate. The sample was purified through Dowex 50, Dowex 1, 
and charcoal and examined by the KBr pellet technique. 


Infrared—An infrared spectrum of A'-pyrroline-3-hydroxy-5 
carboxylate, purified through the charcoal step by elution with 
acetic acid and dried over calcium sulfate and KOH, is shown in 
Fig. 1. A notable feature of this spectrum is the absorption 
peak at approximately 6 yu, in agreement with the previously 
documented absorption bands attributable to the azomethine 
group of A!-2,5-dimethylpyrroline (23) and of myosmine (24). 

Optical Rotation 

Optical rotation of A'-pyrroline-3-hydroxy-5-carboxylate was 
measured with a preparation purified by adsorption on charcoal 
and elution with 0.1 n HCl. Pooled eluates (estimated as at 
least 90% pure by dry weight) were concentrated to small vo- 
ume and diluted with an equal volume of 10 Nn HCl. A solution 
assayed at 0.017 u gave an observed rotation of —0.354° (25°, 
5890 A, 2 dm). With the assumption of a molecular weight of 
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129, the specific rotation of this preparation in strong HCl 
solution was calculated as —40.4°. It is notable that the steri- 
cally related t-hydroxyproline has a similar specific rotation in 
strong acid, —48.4° (25). 


Color Reactions 


The reaction of A'-pyrroline-3-hydroxy-5-carboxylate with 
ninhydrin, like that of the pyrrolidine imino acids, forms a yellow 
compound in acid solution. The acid-ninhydrin reaction, carried 
out as described by Schweet (26), yields a colored compound 
with a major absorption peak at 426 my (Fig. 2). 

At 426 my, the absorption coefficient for the A'-pyrroline-3- 
hydroxy-5-carboxylate-ninhydrin complex is approximately 25 
times higher than that for the hydroxyproline-ninhydrin complex 
at the same wave length, so that the enzymatic conversion of 
t-hydroxyproline to its pyrroline oxidation product might well 
be followed by the acid ninhydrin method as well as by the o- 
aminobenzaldehyde reaction. 

The colored compound formed between 4!-pyrroline-3-hy- 
droxy-5-carboxylate and o-aminobenzaldehyde is similar in 
spectrum to that described for the compound formed from A.- 
pyrroline-5-carboxylate (16). The two compounds also show a 
similar color yield as indicated by comparing A'-pyrroline-3- 
hydroxy-5-carboxylate and chemically prepared Al- pyrroline-5- 
carboxylate with respect to the ratio of o-aminobenzaldehyde 
color and the quantity of DPNH formed by enzymatic oxidation 
(5). As expected from the racemic status of chemically made 
A'-pyrroline-5-carboxylate, this ratio was approximately twice 
as great for A!-pyrroline-5-carboxylate as for A'-pyrroline-3-hy- 
droxy-5-carboxylate. 

Chemical Reducti 

Catalytic 
ate, 4.2 umoles (eluted from Dowex 50), was shaken for 90 
minutes at 25° in 0.1 n HCl with 5 mg of platinum oxide pre- 
viously hydrogenated for 30 minutes. Assays for the pyrroline 
compound indicated that a total of 3.6 wmoles of A'-pyrroline-3- 
hydroxy-5-carboxylate were consumed in this reaction mixture. 
Only 0.9 wmole was consumed when A!-pyrroline-3-hydroxy-5- 
carboxylate was shaken with unhydrogenated platinum oxide, so 
that the disappearance of the pyrroline compound attributable 
to hydrogenation was 2.7 umoles, in agreement with the 2.6 
umoles of hydroxyproline found to be present in the hydrogen- 
ated flask. No hydroxyproline was formed from A'-pyrroline-3- 
hydroxy-5-carboxylate with unhydrogenated catalyst, nor was 
added hydroxyproline consumed in a control incubation with 
hydrogenated catalyst. 

The specific isomer of hydroxyproline formed by catalytic 
hydrogenation was determined by incubation with hog kidney 
D-amino acid oxidase and by chromatography as the copper salt 
in the solvent system of Friedberg (27). Failure to form pyrrole- 
2-carboxylate in the D-amino acid oxidase test indicated the 
absence of significant quantities of p-hydroxyproline or p- allo- 
hydroxyproline, whereas the chromatographic results indicated 
the absence of significant quantities of the allo forms of hydroxy- 
proline. In both tests, data obtained with appropriate quanti- 
ties of p-allohydroxyproline added as an internal control made 
it unlikely that more than 3% of the reduction product could 
have been either of the p-isomers of hydroxyproline or L-allo- 
hydroxyproline. By elimination, it was concluded that catalytic 
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2. Absorption spectrum of the reaction product of A'- 
— — with ninhydrin. The test was 
carried out as described by Schweet Go. with 0.4 zmole of the 
pyrroline compound purified through the charcoal elution step. 
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MICROEQUIVALENTS BOROHYDRIDE ADDED 

Fic. 3. Stoichiometry of reduction of A!-pyrroline-3-hydroxy-5- 
carboxylate by sodium borohydride. To equal amounts (1.22 
amoles) of the pyrroline compound were added increasing amounts 
of sodium borohydride in 1 N sodium hydroxide. After 5 minutes, 
the reaction was stopped with dilute HCl and an aliquot analyzed 
for hydroxyproline. The total A'-pyrroline-3-hydroxy-5-carbox- 
ylate was determined as hydroxyproline after reduction with ex- 
cess borohydride and agreed with enzymatic estimation. 


hydrogenation of A!-pyrroline-3-hydroxy-5-carboxylate gave rise 
essentially quantitatively to the single isomer, Lhydroxyproline. 

Borohydride Reduction—As noted earlier (1), it was found that 
the pyrroline compounds, A!-pyrroline-5-carboxylate or A'-pyrro- 
line-3-hydroxy-5-carboxylate, could be quantitatively reduced 
by excess sodium borohydride to yield, respectively, proline or 
hydroxyproline. With A'-pyrroline-3-hydroxy -5-carboxylate, 
borohydride reduction was first undertaken with the expectation 
that any of the free aldehydic form present might be reduced to 
the corresponding alcohol, 2-amino-4,5-dihydroxyvaleric acid 
(y-hydroxyglutamic-y-semialcohol).4 However, no material was 
obtained which reacted with ninhydrin in a manner expected for 
a free primary a-amino group (570 my absorbancy). Instead, 
the pyrroline compound was found to yield t-hydroxyproline 
exclusively (see below). 

Repeated trials of sodium borohydride as a reducing agent led 


— 


of the phenylhydrasone derived from 2-keto-3-deoxy-p- 
acid (28). 
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to closely quantitative yields (at least 95%) of hydroxyproline 
from A!-pyrroline-3-hydroxy-5-carboxylate (Fig. 3). The stoi- 
chiometry of borohydride reduction required, as expected, 2 
reducing equivalents of borohydride per mole of the pyrroline 
compound (Fig. 3). For assay by borohydride reduction, the 
usual conditions involved addition of a 5- to 15-fold excess (in 
reducing equivalents) of sodium borohydride to solutions of 
A'-pyrroline-3-hydroxy-5-carboxylate which had been freshly 
neutralized to pH 8 to 9. At room temperature and at pH 
values between 7 and 14, quantitative reduction required less 
than 1 minute. Aliquots were then assayed for hydroxyproline 
after treatment with concentrated HCl to destroy residual boro- 
hydride, since the latter was found to interfere with the Neuman- 
Logan assay. 

In early trials with borohydride, the reduction product was 
shown to be the single isomer t-hydroxyproline by the exclusion 
of other isomers as described before. When larger quantities of 
purified A'-pyrroline-3-hydroxy-5-carboxylate were available, 
isolation and characterization of the reduction product was 
undertaken. 

A solution of A'-pyrroline-3-hydroxy-5-carboxylate (1040 
umoles, fraction purified through Dowex 1-acetate) was adjusted 
to pH 8 to 9 with potassium carbonate and treated with freshly 
assayed sodium borohydride (1800 eq). After 10 minutes at 
room temperature, assay for hydroxyproline of an acidified 
aliquot indicated formation of 910 wmoles (expected for 1800 
ueq of sodium borohydride, 900 umoles). The incubation mix- 
ture was passed through a Dowex I- acetate column (2.2 X 33 
cm), and the hydroxyproline, appearing after 70 ml of effluent, 
then was adsorbed on a Dowex 50-H* column (2.2 X 33 cm) 
and eluted with 0.3 n HCl. The pooled hydroxyproline-con- 
taining eluates were concentrated in a vacuum to remove much 
of the HCl, adjusted with silver carbonate to pH 7.5, treated 
with hydrogen sulfide to remove silver ions, and filtered through 
Celite. The clear supernatant solution was concentrated almost 
to dryness; hydroxyproline crystallized on addition of ethanol. 
The first crop (dry weight, 58 mg) was 92% pure by colori- 
metric assay and 95% pure by optical rotation. On the basis of 
92% purity, the first crop represented 700 umoles of pure L- 
hydroxyproline, or 78% of that expected from the quantity of 
borohydride used.“ 

Chemical Oridati 

In an effort to obtain the sterically related form of y-hydroxy- 
glutamate directly from A'-pyrroline-3-hydroxy-5-carboxylate by 
a simple chemical procedure, the latter was treated with mild 
aldehyde-oxidizing reagents which might attack the postulated 
open chain form of the compound. Treatment of dilute solutions 
of the pyrroline compound (0.022 u) with freshly prepared silver 
oxide for periods up to 24 hours at room temperature, however, 
gave no indication of hydroxyglutamate formation or significant 
loss of A'-pyrroline-3-hydroxy-5-carboxylate. Treatment of so- 
lutions of pyrroline compound (0.12 m) with ammoniacal silver 
ion similarly produced no identifiable oxidation product. Treat- 
ment with a stronger oxidizing agent (equivalent quantities of 
chromic anhydride in acetic acid) led to no chromatographically 


The quantitative reduction of the A'-pyrrolines by the boro- 
hydrides or by catalytic hydrogenation permits the ready prepara- 
tion of specifically labeled I- proline or I-hydroxyproline by reduc- 
tion of the corresponding stereospecific A'-pyrroline either with 
tritium-labeled borohydride or tritium gas. 
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identifiable oxidation products. Treatment with peroxide (2 mj 
of 30% peroxide were added to 0.04 M A!-pyrroline-3-hydroxy. 
5-carboxylate in dilute sodium carbonate and stirred for 1§ 
minutes at 0°, after which peroxide was destroyed by the addi- 
tion of catalase) resulted in a single ninhydrin-positive product 
chromatographically consistent with aspartic acid. 

Periodate Products 


Preliminary observations showed that the absorption peak of 
periodate at 222 my was rapidly diminished by the additiog 
of A!-pyrroline-3-hydroxy-5-carboxylate. To identify the prod- 
ucts, 22 umoles of the pyrroline compound were incubated at 
room temperature with 80 umoles of sodium periodate and acetate 
buffer, pH 3.9, final concentration, 0.05 Mu, in a total volume of 
2.0 ml. At 2 hours no A!-pyrroline-3-hydroxy-5-carboxylate was 
detectable by the o-aminobenzaldehyde test; the initial absorb. 
ancy at 222 my of diluted aliquots had decreased corresponding 
to a loss of about 32 umoles of periodate. No decrease in absorb. 
ancy was observed in control mixtures containing either the 
pyrroline compound or periodate alone. Aliquots of the ineu- 
bation mixtures were diluted 10-fold with water, treated with 
0.01 u sodium arsenite, and then assayed for aspartic semialde- 
hyde with purified yeast homoserine dehydrogenase and DPNH 
(15). The complete mixture (periodate plus A’-pyrroline-3-hy- 
droxy-5-carboxylate) contained approximately 15 umoles of 1 
aspartic semialdehyde, whereas the control mixtures gave neg- 
ligible assay values. Further qualitative identification of the 
periodate oxidation product as aspartic semialdehyde was made 
by adjustment of the complete mixture to pH 8 and reduction 
with excess sodium borohydride. Aliquots of the resulting solu- 
tion showed a ninhydrin spot cochromatographing with 51. 
homoserine in 2 solvents (tert - butanol -formic acid - water 
(70:15:15), Ry, 0.46; pyridine-water (65:35), Ry, 0.67). On 
these grounds it was concluded that L-aspartic semialdehyde was 
a major if not exclusive product of the periodate oxidation of 
A'-pyrroline-3-hydroxy-5-carboxylate. 


Other Derivatives 


2, 4-Dinitrophenylosazone—The only derivative of the pyrro- 
line oxidation product of t-hydroxyproline so far described has 
been the crystalline 2,4-dinitrophenylosazone (9), presumably 
formed by reaction with the open chain a-hydroxyaldehyde form 
of the compound. In agreement with this previous report, 
treatment of A'-pyrroline-3-hydroxy-5-carboxylate (Dowex # 
eluate) with 2,4-dinitrophenylhydrazine (saturated solution in 
0.2 w HCl) yielded an orange crystalline compound, m. p. 162- 
165° (reported by Lang and Mayer, 156°). 

Reineckate—A derivative through which the pyrroline com- 
pound could be purified and from which it might be regenerated 
would be more useful than the 2,4-dinitrophenylosazone. At 
tempts to make the picrate following procedures used for hydrox- 
yproline (29) did not yield an isolable derivative. Treatment of 
A'-pyrroline-3-hydroxy-5-carboxylate with ammonium reineck- 
ate, however, provided good yields of a crystalline derivative 
and permitted the regeneration of the compound. 

Solutions of the pyrroline compound at a stage of 50% purity 
(Dowex 50 eluate) or 80% purity (Dowex 1 eluate) were con- 

* We are indebted to Dr. D. R. Strength of the Department of 


Biochemistry, St. Louis University, for helpful advice on the 
—— of the reineckate of A'-pyrroline-3-hydroxy-5-carbox- 
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centrated to approximately 0.1 M and treated with a 50% molar 
excess of ammonium reineckate. The ammonium reineckate 
solution had been saturated at 4° and adjusted to pH 1 to 2 
with HCl. The pyrroline reineckate solution was heated to 60° 
for several minutes and then placed in the cold. Needles 
appeared within a few minutes and were collected after 18 
hours at 4° (yield, calculated as the reineckate monohydrate, 
about 60% of theory). The crystals were washed with cold 3 
HCl and dried at room temperature in a vacuum over P,O, 
and KOH. Dried crystals melted at 226-232° with decomposi- 
tion. 
(Molecular weight, 466.5) 
Calculated: C 23.2, H 3.5, N 21.0 


Found: C 2.5, H 3.1, N 208 


The absorbancy at 550 my of solutions of A'-pyrroline-3-hy- 
droxy-5-carboxylic reineckate corresponded with theory within 
2%, with choline reineckate (obtained from Dr. D. R. Strength) 
as a reference standard. 

The pyrroline compound could be liberated from its reineckate 
by treatment of aqueous solutions of the latter with Ag CO, until 
complete decolorisation. The yield of A!-pyrroline-3-hydroxy- 
5-carboxylate, measured by borohydride reduction to hydroxy- 
proline, was about 70% of theory.“ The clear solution of the 
pyrroline compound obtained by centrifuging off silver salts 
(144,000 x g for 1 hour) was dried in a vacuum over P,O;. The 
resulting solid was brittle but hydroscopic; elementary analysis 
indicated it to be the free acid rather than the silver salt: 

O, N (Molecular weight, 129.1) 

Calculated: C 46.5, H 5.5, N 10.9 

Found: C 459, H 56, N 118 
For the monohydrate, 


CH. O. N (Molecular weight, 147.1) 
Calculated: C 40.8, H 6.1, N 9.5 


It should be noted that repeated elementary analyses (C, H, 
N) were made on samples of A'-pyrroline-3-hydroxy-5-carboxy lic 
acid judged to be at least 95% pure by enzymatic or borohydride 
assay. These gave results consistent with variable hydration 
up to 1 mole of water. Failure to obtain closely correct analyses 
either for the monohydrate or the nonhydrated compound may 
be attributed to the hydroscopic properties of the compound, 
together with its tendency to decompose on exhaustive drying. 

Other Derivatives—Efforts were made to prepare other deriva- 
tives through which A'-pyrroline-3-hydroxy-5-carboxylate might 
be purified and regenerated. N-Acetylation was attempted 
under conditions used for preparing N-acetylhydroxyproline (30), 
but no evidence for an acetylated product was obtained. 

Treatment of concentrated solutions of A!-pyrroline-3-hy- 
droxy-5-carboxylate (0.4 uu) with bisulfite or with semicarbaside 
or thiosemicarbaside led to no isolable product. Although an 
addition compound could not be isolated, a comparison of the 


7 Similar incomplete yields of choline and betaine aldehyde 
after liberation from choline reineckate and betaine aldehyde 
reineckate, respectively, have been observed (personal communi- 
eation from Dr. D. R. Strength). 

Treatment of 2-methyl-3,3-diphenyl-A'-pyrroline with acetic 
anhydride has been recently reported (31) to yield N-acetyl-2- 
methylene-3,3-diphenyl-pyrrolidine. 


E. Adams and A. Goldstone 


results of paper electrophoresis in bisulfite and in acetate buffer 
at similar pH suggested that a bisulfite complex is indeed formed. 
Thus, the pyrroline compound was identified (by ninhydrin) as 
a single diffuse band moving rapidly (17 cm in 45 minutes at 
2000 volts) toward the anode in 0.05 mu bisulfite at pH 5.0. In 
contrast, in 0.05 M acetate buffer at pH 5.2, the pyrroline band 
migrated slowly (15 cm in 45 minutes at 2000 volts) toward the 
cathode. The behavior of A!-pyrroline-3-hydroxy-5-carboxylate 
as an anion in bisulfite buffer and as a cation in acetate buffer 
at approximately the same pH constitutes presumptive evidence 
for the formation of a bisulfite addition compound and therefore 
for an equilibrium with the aldehydic form.* 

No evidence was obtained for lactone formation by the alkaline 
hydroxamic acid test (32), consistent with the trans-relationship 
between the hydroxyl and carboxy] groups (33) in the sterically 
related Lhydroxyproline. 

DISCUSSION 

The substituted A!-pyrrolines have considerable biological in- 

terest as metabolic derivatives and as potential precursors of 


proline and hydroxyproline. Through transamination or amine 
oxidation at either the a- or ö amino group, followed by cyclisa- 


provide evidence for the structure A'-pyrroline-3-hydroxy-5-car- 
boxylate as the product of t-hydroxyproline oxidation by kidney 
mitochondria. Although the A’-pyrrolines undergo chemical 
reactions (34) consistent with the presence in solution of both 
the cyclized and open chain forms, a number of the present find- 
ings are best explained by an equilibrium which greatly favors 
the cyclized, pyrroline ring form. Negative evidence suggesting 
this view includes failure to observe certain reactions characteris- 
tic of a free aldehyde and of a free primary amino group or even 
reactions characteristic of a basic nitrogen (failure of N-acetyla- 
tion). More positive indication of the pyrroline form as the 
quantitatively significant form in solution comes from reduction 
with hydrogen or borohydride, which appears to yield only the 
reduced form of the ring compound. The results of chromatog- 
raphy of A'-pyrroline-3-hydroxy-5-carboxylate through Dowex 
l1-acetate also favor such an interpretation, since its elution be- 
havior is that of an acidic compound and is consistent with the 
presence of a weakly basic nitrogen, expected for the Schiff base 
form but not for the primary a-amino group of the open chain 
form. Kinetic studies presented in accompanying papers (4, 5) 
also suggest that the pyrroline structure is the form bound by 
the enzymes which, respectively, oxidize A'-pyrroline-3-hydroxy- 
5-carboxylate to y-hydroxyglutamate and reduce it to hydroxy- 
proline 


Two chemical reactions, however, are consistent with a small 
amount of the aldehyde form in equilibrium with the pyrroline 
form. One is the formation of the osasone from 2,4-dinitro- 
phenylhydrazine. It may be considered that in this case the 
insolubility of the product and the oxidising capacity of the 
reagent are sufficient to drive an unfavorable equilibrium toward 
completion. The second is the reaction with periodate. As 
semialdehyde (2-aminobutyraldehydic acid), expected from 
periodate oxidation of the a-hydroxyaldehyde structure of the 

® We are indebted to Dr. David Lipkin of the Department of 


Chemistry, Washington University, both for suggesting this tech- 
nique and for providing the facilities to employ it. 
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open chain form. However, it is not certain that the primary 
reactant in this case is not the ring form itself, since periodate 
reactivity has also been reported for the stable rings of proline 
and hydroxyproline (35). 

Exclusive formation of a single epimer of hydroxyproline 
either by hydrogenation or by borohydride reduction of Al- 
pyrroline-3-hydroxy-5-carboxylate is consistent with the stereo- 
isomerism of the pyrroline compound expected from its derivation 
from hydroxyproline by dehydrogenation across the only bond 
in the pyrrolidine ring (that between the nitrogen and carbon 5) 
which does not involve either of the two optically active carbon 
atoms. The strength of this argument is, however, weakened 
by the knowledge that metal hydride reductions can in general 
be stereospecific and that, more specifically, borohydride reduc- 
tion of N-carbobenzyloxy-4-keto-1-proline (a structure which 
might be considered tautomeric with its enol equivalents, the 
corresponding A?- or A*-hydroxypyrrolines) has been observed 
(36) to yield only one of two possible isomers of hydroxyproline. 

The A! position of the double bond in Al-pyrroline-3-hydroxy- 
5-carboxylate is also supported by the weak basicity of the com- 
pound, the ease of reduction by borohydride (inconsistent with 
a carbon-carbon double bond), the infrared spectrum, and the 
formation of periodate products and 2, 4 dinitrophenylhydrazine 
products expected from the corresponding opened Schiff base. 

The other isomeric A'-pyrroline (A'-pyrroline-4-hydroxy-2- 
carboxylate) related to hydroxyproline has also been shown to 
be formed biologically, arising from the p- isomers of hydroxy- 
proline: from p-hydroxyproline or p- allohydroxyproline by ani- 
mal p- amino acid oxidase (22), or from p-allohydroxyproline by a 
more specific inducible bacterial enzyme (3). In marked con- 
trast to the relative stability of A'-pyrroline-3-hydroxy-5-car- 
boxylate, A'-pyrroline - 4 - hydroxy - 2-carboxylate shows great 
lability, particularly in acid, with ready dehydration to form 
pyrrole-2-carboxylate (3, 22). 

SUMMARY 

Preparation, chromatographic purification, and some chemical 
properties of the compound formed by enzymatic oxidation of 
Lhydroxyproline are described. A number of properties favor 
the structure, A'-pyrroline-3-hydroxy-5-carboxylic acid, with the 
configuration around each asymmetrical carbon atom identical 
with that of t-hydroxyproline. The compound appears to exist 
almost entirely in the ring form both in the solid state and in 
solution. The reineckate of A'-pyrroline-3-hydroxy-5-carboxyl- 
ate is a stable crystalline derivative from which the pyrroline 
compound can be regenerated in good yield and purified form. 

Acknowledgment—The authors gratefully acknowledge the de- 
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Hydroxyproline Metabolism 


III. ENZYMATIC SYNTHESIS OF HYDROXYPROLINE FROM 
4'-PYRROLINE-3-HY DROXY-5-CARBOXYLATE* 


EuisAH ADAMS AND ALFRED GOLDSTONE 


From the Department of Pharmacology, Saint Louis University School of Medicine, Saint Louis, Missouri 
(Received for publication, June 13, 1960) 


A preceding paper (3) has described the enzymatic 


preparation 
and some properties of A!-pyrroline-3-hydroxy-5-carboxylate 


formed from Lhydroxyproline in an aerobic oxidation catalyzed 
by kidney mitochondria. The availability of the pyrroline oxi- 
dation product of Lhydroxyproline formed in animal tissues! has 
permitted the study of its further enzymatic utilization, and has 
led to the definition of the two enzymatic reactions illustrated 
in Equations 1 and 2. 


A. pyrroline - 3- hydroxy- S- carboxylate a) 
+ DPNH + H* — t-hydroxyproline + DPN* 

4'-pyrroline-3-hydroxy-5-carboxylate + DPN* 
+ H,O — 7-hydroxyglutamate + DPNH + H* 


The present paper will present some aspects of the enzymatic 
reduction of A'-pyrroline-3-hydroxy-5-carboxy late? to Lhydroxy- 
proline (Equation 1) and an accompanying paper (6) will de- 
scribe the oxidation of the same pyrroline compound to y-hy- 
droxyglutamate (Equation 2). 

The reductase catalyzing Equation 1 has been partly purified 
from beef liver; and evidence has been obtained that this enzyme 
is similar to that previously described in rat tissues as a reduc- 
tase for A'-pyrroline-5-carboxylate (7, 8). The beef liver en- 
syme has considerably greater activity than the reductase so far 
described from either mammalian tissues or from bacteria and is 
comparable in activity to the A!-pyrroline-5-carboxylate reduc- 
tase from Neurospora (9). 


* This investigation was supported by research grants from the 
National Science Foundation (G-5207) and the United States 
Public Health Service (E-2444). Some of this work has been 
published in preliminary form (1, 2). 

‘A pyrroline oxidation product of v-hydroxyproline or p- 
allohydroxyproline formed in the presence of animal p-amino acid 
oxidase (4), but not yet isolated, is believed to be A'-pyrroline-4- 
hydroxy-2-carboxylate. The same compound appears to be a 
product of p- allohydroxyproline metabolism in preparations of 
soil bacteria (5). The isomeric A'- pyrtroline-3-hydroxy-5-car- 
boxylate, of concern in the present studies, is known only as an 
oxidation product of u-hydroxyproline in animal tissues; con- 
versely, the only reaction of L-hydroxyproline so far enzymatically 
described in animal tissues results in the formation of this com- 


72 Pyrroline-2-carboxylate was 


(2) 


by incubating - 


prepared 
proline with crude p-amino acid oxidase (Viobin Corporation) 
and purifying the pyrroline product by chromatography on Dowex 
l-acetate as described for A'-pyrroline-3-hydroxy 
(3). 


EXPERIMENTAL PROCEDURE 


4'-Pyrroline-3-hydroxy-5-carboxylate was obtained by en- 
symatic synthesis (3), and, with the exceptions noted, the prepa- 
rations used for most of the enzyme studies described represented 
this compound at 50 to 60% purity by weight. The pyrroline 
substrate was assayed either by DPNH formation during en- 
zymatie oxidation (6), or as hydroxyproline after borohydride 
reduction (3), or by the color produced with o-aminobenzakde- 
hyde (3). Correspondence of these assay values with each other 
and with hydroxyproline formed enzymatically (see below) 
indicated that no impurity in the pyrroline substrate used inter- 
fered with the stoichiometry of the enzyme reactions concerned. 
4'-Pyrroline-5-carboxylate was the chemically synthesized ra- 
cemic form (3). A'-Pyrroline was prepared by decarboxylation 
of Lornithine with N-bromosuccinimide (10), and Al- pyrroline- 
2-carboxylate by oxidation of p-proline (a gift of Dr. J. P. Green- 
stein) with kidney b-amino acid oxidase (11). 1-Histidinol 
dihydrochloride and yeast histidinol dehydrogenase, Fraction I, 
were preparations described earlier (12). DPNH and TPNH 
were commercial products (Sigma Chemical Company). A 
strain of Neurospora crassa used for the preparation of partially 
purified A'-pyrroline-5-carboxylate reductase (9), was kindly 
provided by Dr. H. J. Vogel; the Neurospora reductase was puri- 
fied to Fraction C as described by Yura and Vogel (9). Other 
compounds and procedures were as described in an accompany- 
ing paper (3). Protein was determined turbidimetrically (13). 


Purification of Enzyme 

Beef liver was obtained from the freshly killed animal and 
processed within a few hours or kept at —15°. After months of 
storage at —15°, frozen liver continued to yield active enzyme. 
Fresh or freshly thawed liver was diced and homogenized in a 
Waring Blendor (2 minutes) in 25 g lots with 10 volumes of 
acetone at —15°. The suspension was rapidly filtered with 
suction, and the solid was washed further with cold acetone and 
allowed to dry on filter paper at room temperature. The ace- 
tone powder, kept at —15°, was a stable source of enzyme for 
months. Extracts were made by stirring the powder for 1 hour 
at 0° in 10 volumes of 0.05 M potassium phosphate, pH 7.5, and 
then centrifuging at 16,000 x g (Lourdes refrigerated centrifuge) 
for 10 minutes; the supernatant solution was brought to 0.01 u 
GSH (freshly neutralized) and 0.001 M ethylenediaminetetra- 
acetate. 
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The acetone powder extract (Fraction I) was treated in an ice 
bath with 0.43 volume of saturated ammonium sulfate to bring 
it to 0.3 saturation; the suspension was kept at 0° for 15 minutes 
and then centrifuged at 16,000 x g for 10 minutes. The am- 
monium sulfate precipitate was dissolved in 0.05 m potassium 
phosphate, pH 7.5, at one-half the volume of the original ex- 
tract. GSH and ethylenediaminetetraacetate were again added 
to 0.01 m and 0.001 M, respectively. The 0 to 0.3-saturated am- 
monium sulfate fraction (Fraction II) contained essentially all 
the reductase activity and little or no A'-pyrroline dehydrogenase 
(6). This fraction was brought rapidly to 58° and kept between 
57 and 59° for 30 minutes; the precipitate which formed was 
removed by centrifugation. To the supernatant solution ob- 
tained after heating, (Fraction III), 0.25 volume of 0.2 & acetic 
acid was added, resulting in a pH of about 5.0. The small precip- 
itate that formed after 10 minutes at 0° was separated by centrif- 
ugation and dissolved in pH 7.5, 0.05 u phosphate containing 
0.01 mu GSH and 0.001 M ethylenediaminetetraacetate (Fraction 
IV). Attempts to obtain further purification by chromatog- 
raphy through modified cellulose columns were not successful. 
The purification scheme described is outlined in Table I. 


Enzyme Assay 


The reductase was assayed in two ways, either by the rate of 
DPNH oxidation measured by absorbancy change at 340 my 
with all components in a spectrophotometer cell (Assay I), or 
by measurement of the hydroxyproline formed under conditions 
in which the reduction of the pyrroline substrate was coupled to 


TAsLE I 
Purification of al- pyrroline -S- carboxylate reductase from beef liver 
The fractions are those described in the text, and the units of 
enzyme activity were measured by Assay I. Both pyrroline 
substrates were added at concentrations of 1 mm (4!-pyrroline-5- 


carboxylate calculated as the L-form). 
Specific activity 
a 
2 * a 
units/ml 
I. Acetone powder ex- 
2000 381 53 
II. Ammonium 
0.3. — 1500 5 1.6 
III. Supernatant ‘solu- 
tion after heating. 1000 1 50 1000 2.0 
IV. Precipitate, pH 5¢...| 6001 0.3 30/2000 2.0 
Precipitate, pH 4.8. 500 1100 0.3 25 1670 37 2.2 
Precipitate, pH 4. 2. 450 1 0.3 221500 2.2 


* Calculated for 4'-pyrroline-3-hydroxy-5-carboxylate. 

t Determined directly by Assay II but expressed in units for 
Assay I (see text). 

t Obtained by adding 0.25 volume of 0.2 N acetic acid to the 
previous fraction. Precipitation of enzyme at the lower two pH 
values (4.8 and 4.2) was obtained by adding, respectively, 0.5 
and 0.75 volume of 0.2 N acetic acid. 
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histidinol oxidation in the presence of histidinol dehydrogenage 
and catalytic amounts of DPNH (Assay II). 

Assay I—The incubation mixtures at a final volume of 1 mj 
in a l-em Beckman cuvette contained 0.05 u potassium phos. 
phate, pH 6.5, enzyme, and sufficient DPNH to give an initia] 
absorbancy of about 1.0. The reaction was started by the addi- 
tion of 1 umole of the pyrroline substrate and the rate of DPN 
oxidation recorded for the first minute. Although the reactiog 
rate fell appreciably as the absorbancy diminished to low values, 
the first two half-minute rates were approximately constant up 
to absorbancy decreases of about 0.1 per minute. An incubatiog 
mixture lacking only substrate served as a blank correction, 
although generally no blank oxidation of DPNH was observed 
after the first purification step. One unit of enzyme in this 
assay was defined as the quantity necessary for a change of 0.001 
in absorbancy per minute. 

Assay IJ—In a final volume of 0.7 ml, the incubation mixture 
contained 0.05 m potassium phosphate, pH 7.5, 0.3 umole of 
DPNH, 2 umoles of A'-pyrroline-3-hydroxy-5-carboxylate, 05 
umole of Lhistidinol, 0.1 ml of yeast histidinol dehydrogenase, 
and pyrroline reductase. After 15 minutes at room temperature, 
the incubation mixture was treated with 0.1 volume of 50% 
trichloroacetic acid and centrifuged. Aliquots of the super. 
natant solution were assayed colorimetrically for hydroxyproline 
(14). The quantity of hydroxyproline formed was proportional 
to pyrroline reductase added up to values of about 0.2 umok 
per ml. Linearity with enzyme concentration was observed 
with all fractions, including the acetone powder extract which 
did not give linear assays by the spectrophotometric method. 

In appropriate ranges, both assays were linear with enzyme 
(Fig. 1) and their ratios for different fractions proved constant. 
It was therefore possible to use the coupled assay for the initial 
fractions (acetone powder extract), in which the presence of M 
pyrroline dehydrogenase made the first assay method unreliable. 

Stoichiometry and Identification of Reaction Product 
In incubations in which the enzymatic reduction of A'-pyr- 


roline-3-hydroxy-5-carboxylate was coupled to histidinol oxide 
tion, stoichiometric equivalence was repeatedly observed between 
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Fic. 1. Proportionality of rate to enzyme concentration by 
Assay I and Assay II. &——@, change in absorbancy at 340 m 
per minute; @——®, umoles of hydroxyproline per ml per 1 
— — Assays were performed with Fraction II as described 
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II 
equivalence of hydrozyproline formation and 
utilization 

The incubation mixture contained 250 zmoles of potassium 
phosphate (pH 7.5), 3 wmoles of I-histidinol, 15 wmoles of Al- 

pyrroline-3-hydroxy-5-carboxylate, (charcoal-treated, 90% pure 
(3)), 3 ml of reductase (Fraction II), 3 ml of histidinol dehydro- 
genase, and 1 zmole of DPNH in a volume of 9.0 ml. After 2 hours 
at room temperature, the reaction was stopped by adding HCl to 
0.5N. Protein was removed by centrifugation and samples of the 
supernatant solution were assayed for hydroxyproline (14), Al- 
pyrroline-3-hydroxy-5-carboxylate (o-aminobenzaldehyde method 
(3)), and histidinol (12). In a control incubation lacking only 
added DPNH no change was detected in any of the components 
measured. 


— 


4 umoles 
—4.2 
+4.6 


_ * Histidinol is oxidized to histidine in this system, providing 
reducing equivalents for the reduction of 2 moles of A'-pyrroline- 


3-hydroxy-5-carboxylate. 


disappearance of the pyrroline substrate and formation of hy- 
droxyproline. Assays of the coupled utilization of histidinol also 
indicated stoichiometric participation of DPNH (Table II). 
Hydroxyproline was identified by paper chromatography and 
assayed colorimetrically (14). The specific isomer formed was 
t-hydroxyproline as determined by exclusion of the other isomers 
of hydroxyproline (3), with utilization of D- amino acid oxidase 
to exclude the presence of the p- isomers and chromatography of 
hydroxyproline (as the copper salt) to exclude the presence of 
the allo isomers. These tests would have detected as little as 
5% of an isomer other than Lhydroxyproline. 


pH -Dependence 
The pH activity curve for DPNH oxidation with A'-pyrroline- 
3-hydroxy-5-carboxylate as substrate showed a flat peak between 
pH 7 to 8 (Fig. 2), not far displaced from the plateau between 
pH 6.6 and 7.2 reported for the reduction of A!-pyrroline-5-car- 
boxylate by rat liver preparations (7). 


Substrate Specificit 
All fractions obtained catalyzed the reduction of both A'-pyr- 
roline-5-carboxylate and 
Reduction of A'-pyrroline-5-carboxylate was followed only by 
Assay I, because, unlike hydroxyproline, t-proline could not be 
measured easily in the presence of the pyrroline substrate. Pro- 
line as an enzymatic product was identified qualitatively by 
paper chromatography.“ That a single enzyme is responsible for 
the reduction of both pyrroline substrates is indicated by paral- 
lel increases in specific activity for both substrates during puri- 
fication of the ensyme (Table I), as well as by proportional 
acid (Table I) or heat (Table III). 

Further indication of the identity of the enzyme reducing the 
two A!-pyrroline substrates came from comparing the rate with 
* Reduction of A! ne-5-carboxylate by rat liver prepara- 


tions has been shown to result in the stereospecific formation of 
l-proline (8). 
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Fic. 2. pH dependence of 4'-pyrroline-3-hydroxy 
reduction. Assay was performed as described in the text with 
Fraction III (0.1 mg per ml) and 1 ms charcoal-purified substrate. 
Buffers were all at 0.05 : O, potassium phosphate; @, Tris-HCI; 
A, sodium glycinate. pH was measured in the incubation mix- 
tures f ing assay. 


Taste III 
Inactivation by heat of reduction of A'-pyrroline-5-carborylate and 
of 
Aliquots of Fraction II, 2.0 ml, were heated in a water bath at 
67° for the times shown. After heating, aliquots were chilled in 
an ice bath and centrifuged to remove precipitated protein. 
Aliquots were assayed by Assay I (A'-pyrroline-5-carboxylate) or 
by Assay II (4!-pyrroline-3-hydroxy-5-carboxylate). The con- 
trol assay values were 3000 units per ml for A'-pyrroline-5-car- 
boxylate and 1000 units per ml for A'-pyrroline-3-hydroxy-5- 
carboxylate. Both substrates were added at 1mm.‘ 


Percentage of initial activity 
Minutes at 67° pe 
Pyrroline-3-hydroxy-5- 
— carboxylate 
0 100 100 
1 66 59 
2 43 49 
3 18 19 


combined substrates. Thus, 0.5 mm A!-pyrroline-3-hydroxy-5- 
carboxylate and 1.0 mm A!-pyrroline-5-carboxylate gave sepa- 
rate rates of change of 0.055 and 0.105 abeorbancy units, respec- 
tively, in the standard spectrophotometric assay with Fraction 
III of the reductase, whereas in the presence of both substrates 
at these concentrations the rate observed was 0.070 units. The 
similar response of both reactions to several inhibitors is presented 
below. 

A'-Pyrroline-2-carboxylate, tested at a final concentration of 
1 ms, was inactive as a substrate for Fraction II of the reductase 
but inhibited the reduction of subsequently added A'-pyrroline- 
3-hydroxy-5-carboxylate. 

A. Pyrroline, present at about 2 mm, acted neither as a sub- 
strate nor as an inhibitor of A'-pyrroline-3-hydroxy-5-carboxylate 
reduction. 

Other compounds tested with negative results were L-aspartic- 


‘The synthetically made A'-pyrroline-5-carboxylate used is a 
racemic mixture of which only 50% appears to be enzymatically 
active on assay with A'-pyrroline dehydrogenase (3). Calculation 
of XK. for this compound was based on the concentration of the 
active isomer (presumably the t-form) as assayed enzymatically 
with 4'-pyrroline dehydrogenase (6). 
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B-semialdehyde and acetaldehyde. Neither showed substrate or 
inhibitor activity. The failure of acetaldehyde and DPNH to 
react in Fraction II would appear to exclude significant amounts 
of liver alcohol dehydrogenase as a contaminant of even early 
enzyme fractions. 

The substrate specificity indicated by the above observations 
supports the name A!-pyrroline-5-carboxylate reductase as previ- 
ously employed on the basis of the reduction of the corresponding 
substrate (7-9). Consistent with this specificity was the lack of 
reduction of A!-pyrroline-4-hydroxy-2-carboxylate reported by 
Meister et al. (8) or of A'-pyrroline-2-carboxylate in the system 
described here. The latter compound, on the other hand, is, 
as noted above, an effective inhibitor of A'-pyrroline-3-hydroxy- 
5-carboxylate reduction, indicating that it becomes enzyme- 
bound, whereas unsubstituted A'-pyrroline is kinetically inert 
even at high concentrations. 


300. 


8 


UNITS PER ML. 


8 
8 
1 


PYRROLINE -3-HYDROXY-5-CARBOXYLATE 
Cu MOLES PER ML.) 


Fic. 3. Affinity for A'-pyrroline-3-hydroxy-5-carboxylate. The 
enzyme source (Fraction III) was assayed as described in the text. 
TABLE IV 
Inhibition of reduction of A'-pyrroline-5-carbozylate and of Al- 
pyrroline-3-hydrozy-6-carboxrylate by structural analogues 

All assays were done by Assay I. 


Inhibitor 
4!-pyrroline-3-hydroxy- | 4!-pyrroline-5-carboxyl- 
$-carboxylate (1.54 mm) ate (0.16 mm) 


L-Proline 
1X 
1X 10°? u 
1X N 

D- Proline 
5 X 10°? 17 

L-Hydroxyproline 
1X 10°* u 
1X 
1X 50 

p-Allohydroxyproline 
1X 10°* N 55 
1X IO M 14 

Imidazole 
1X 
1X 10°? 


8 2 
8 


82 2 


Other Properties of Enzyme 


Reductants—Both DPNH and TPNH were active in reducing 
A'-pyrroline-3-hydroxy-5-carboxylate and supported similar rates 
of reaction at comparable initial concentrations. Unlike DPNH, 
TPNH was oxidized at an appreciable rate in the absence of 
substrate even with the purified fractions. It was, therefore, 
difficult to make precise quantitative comparisons of relative 
rates with the two nucleotides or of their affinities for the enzyme, 

Substrate Affinity—The K. for A!-pyrroline-3-hydroxy-5-car. 
boxylate was determined as 4.4 X 10-? M (Fig. 3). The K. for 
Al- pyrroline-S-carboxylate was estimated as about one-hundredth 
this value, 4.9 & 10-5 mu.‘ Comparison of rates near saturation 
indicated that A'-pyrroline-5-carboxylate was reduced two to 
three times as rapidly as A'-pyrroline-3-hydroxy-5-carboxy late. 

Inkibitors— As noted earlier in observations of A'-pyrroline-5 
carboxylate reduction (7), the enzyme is sensitive to oxidation 
and its activity is protected by thiol compounds. 
dialysis of Fraction II against cold dilute phosphate buffer led to 
loss of virtually all the initial activity, but addition to the dialysis 
medium of 0.01 M GSH and 0.001 M ethylenediaminetetraacetate 
preserved most of the original activity. Similarly, enzyme ae- 
tivity was quite rapidly lost from fractions stored without GSH 
but was maintained for months in Fractions II and III stored 
at —15° with GSH and ethylenediaminetetraacetate. 

Several structurally related compounds behaved as com- 
petitive inhibitors both of A'-pyrroline-5-carboxylate and A’. 
pyrroline-3-hydroxy-5-carboxylate reduction: L and pD-proline, 
L-hydroxyproline, p-allohydroxyproline, and imidazole. Al 
though values of K. were not determined, the extent of inhibition 
at several concentrations of inhibitor is shown in Table IV. 

Reversibility—Attempts to demonstrate reduction of DPN 
with 1-proline or Lhydroxyproline and partly purified enzyme 
provided no indication of a measurable back reaction. 


A'-Pyrroline-6-Carborylate Reductase from Other Sources 


The enzyme from beef liver appears to be considerably mom 
active than that reported from rat liver (7, 8), even if crude 
fractions are compared. The specific activity of the most puri 
fied beef liver reductase fractions with A'-pyrroline-5-carboxylate 
as substrate (Fraction IV) represents about 2.5 umoles of DPN 
oxidized per minute per mg of protein. 

A'-Pyrroline-5-carboxylate reductase of rat liver showed dis- 
tinctly different behavior on fractionation than the beef liver 
enzyme. In contrast with the fractionation results for beef liver, 
but in agreement with earlier observations on the rat liver re 
ductase (7), it was found that most of the reductase activity 
both for A'-pyrroline-5-carboxylate and A!-pyrroline-3-hydroxy- 
5-carboxylate was present in the 0.3 to 0.6-saturated ammonium 
sulfate fraction of a rat liver acetone powder extract. The bulk 
of the A!-pyrroline dehydrogenase activity also appeared in this 
fraction, as is the case for beef liver as well. Rat liver prepare 
tions (7) have been obtained by fractionation with neutralised 
ammonium sulfate; in fractionating beef liver extracts, we have 
found unneutralized ammonium sulfate to return more activity. 
Two advantages of beef liver compared with rat liver as a souree 
of the reductase are the significantly higher initial activity and 
the greater ease of early separation from pyrroline dehydrogenase. 

Because of the evidence favoring reduction both of Al- pyr 
roline-5-carboxylate and 
by the same beef liver enzyme, it was of interest to determin 
if the A'-pyrroline-5-carboxylate reductase from microbial 
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sources, which are known not to contain or normally to metabo- 
lize hydroxyproline, would also reduce A!-pyrroline-3-hydroxy- 
5-carboxylate. For this purpose, the reductase of Neurospora was 

prepared (9) and was purified through the first ammonium sulfate 
step (Fraction C). Both the initial extract and the ammonium 
sulfate fraction failed to reduce A'-pyrroline-3-hydroxy-5-car- 
boxylate at a concentration of 2.0 mum, although these prepara- 
tions were active in the reduction of A!-pyrroline-5-carboxylate 
(specific activity of 8.7 and 64 units (9)) respectively. Asa fur- 
ther test, crude Neurospora A'-pyrroline-5-carboxylate reductase 
(Fraction A (9)) was incubated in a coupled reaction with 1 
histidinol and histidinol dehydrogenase as described under Assay 
II. Substrates added were either A!-pyrroline-5-carboxylate 
(1.5 mM, calculated as the I- ſorm) or A!-pyrroline-3-hydroxy-5- 
carboxylate (4 mm), or both compounds together. After 21 
hours of incubation, chromatography in several solvents indi- 
cated the formation of proline in incubation mixtures containing 
A'-pyrroline-5-carboxylate, whereas no hydroxyproline was de- 
tected in any of the incubation mixtures either by direct assay 
or by paper chromatography. 

Attempts were made to examine similarly the substrate spec- 
ificity of Escherichia coli reductase (8). However, neither 
centrifuged nor uncentrifuged extracts (made either by sonic 
vibration at 10 ke or by grinding with alumina (Alcoa 301)) of 
E. coli (strain 8) yielded sufficient A'-pyrroline-5-carboxylate 
reductase activity to make a convincing comparison. 

DISCUSSION 

From studies of auxotrophic microbial mutants, the reduction 
of A'-pyrroline-5-carboxylate to proline is considered an obli- 
gatory step in the biosynthesis of proline from glutamic acid 
(9,15). It may have comparable function in mammalian tissues, 
since proline is a nonessential amino acid for all mammals thus 
far studied (16). 

Observations reported in the present paper indicate an analo- 
gous reduction of A'-pyrroline-3-hydroxy-5-carboxylate to Lhy- 
droxyproline by an enzyme of beef liver. The evidence strongly 
suggests that the same enzyme reduces A'-pyrroline-5-carboxylate, 
a reaction which has previously been identified in rat tissues 
(7,8). The beef liver enzyme described here has been obtained 
at considerably higher final specific activity than that from other 
mammalian sources. 

The possible physiological significance of hydroxyproline 
formation from A!'-pyrroline-3-hydroxy-5-carboxylate is not 
evident. Since this reaction represents an enzymatic synthesis 
of free hydroxyproline, it deserves at least brief consideration as 
a possible route of hydroxyproline formation in vivo. Although 
it is well established that hydroxyproline can arise from proline 
in vivo, thus far its biosynthesis has been inseparably associated 
with collagen formation (17-20), and the enzymatic conversion 
of free proline to free hydroxyproline has not been established. 
On these grounds, it seems unlikely that the reduction of Al- 
pyrroline-3-hydroxy-5-carboxylate to hydroxyproline represents 
a route of hydroxyproline synthesis significant for collagen forma- 
tion. 

It should be noted, however, that hydroxylation of A!-pyrro- 
line-5-carboxylate to form A'-pyrroline-3-hydroxy-5-carboxylate 
would complete a sequence of reactions capable of converting 
proline to hydroxyproline by way of their respective pyrroline 
oxidation products. It might be suggested therefore, that hypo- 
thetically, hydroxylation of A'-pyrroline-5-carboxylate could rep- 
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resent the hydroxylation reaction in hydroxyproline formation 
from proline, and might in some way be associated with collagen 
formation. Additional assumptions would still be needed, how- 
ever, to account for the failure of free hydroxyproline to be incor- 
porated into collagen, whereas free proline is efficiently converted 
to the hydroxyproline of collagen (18, 20). 

That the capacity to reduce A!-pyrroline-3-hydroxy-5-car- 
boxylate is not inherent in A'-pyrroline-5-carboxylate reductases 
in general is shown by the specificity of the Neurospora reductase, 
which is inactive for the reduction of the hydroxylated pyrroline 
compound. The observation that reduction of A!-pyrroline-3- 
hydroxy-5-carboxylate is absent in extracts of Neurospora (an 
organism to which hydroxyproline is presumably a foreign com- 
pound) but present in mammalian tissues, in itself suggests that 
reduction of the hydroxypyrroline substrate may have specific 
physiological significance in the mammal. 


The enzymatic reduction of A'-pyrroline-3-hydroxy-5-car- 
boxylate to Lhydroxyproline is catalyzed by a soluble ensyme 
from beef liver. Fractionation and partial inactivation have 
failed to separate the activities for the reduction of A!-pyrroline- 
5-carboxylate and A'-pyrroline-3-hydroxy-5-carboxylate. En- 
zymatic reduction of the former compound has been previously 
observed in extracts of rat liver, Escherichia coli, and Neurospora. 
The beef liver enzyme described here has been purified 40-fold 
to a specific activity considerably in excess of the earlier reported 
mammalian preparations and was found to be free of A'-pyrroline 
dehydrogenase activity. Specificity studies support the earlier 
name, A'-pyrroline-5-carboxylate reductase. 
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Hydroxyproline Metabolism 


IV. ENZYMATIC SYNTHESIS OF 7-HYDROXYGLUTAMATE 
FROM 4}-PYRROLINE-3-HY DROXY-5-CARBOXYLATE* 
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From the Department of Pharmacology, Saint Louis University School of Medicine, Saint Louis, Missouri 
(Received for publication, June 13, 1960) 


The pathway of metabolism of t-hydroxyproline by mamma- 
lian tissues has not been enzymatically defined beyond the ear- 
lier studies of Taggart and Krakaur (4) and Lang and Mayer (5), 
which suggested A!'-pyrroline-3-hydroxy-5-carboxylate as the 
product of an initial oxidation of t-hydroxyproline by mito- 
chondrial preparations. Several studies (6-8) have been made of 
the distribution of labeled carbon after the administration to 
intact rats of pi-2-C"*hydroxyproline. In the earliest such 
study (6), y-hydroxyglutamate was proposed as an intermediate 
although without direct evidence. Later observations supported 
this postulation since the pattern of labeling found in other 
amino acids after administering labeled y-hydroxyglutamate (9) 
conformed to that found after administration of labeled pi-hy- 
droxyproline (6). Recently brief reference (8), with no identi- 
fying details, has been made to the isolation of labeled y-hydroxy- 
glutamate after incubation of rat liver slices with labeled 
t-hydroxyproline. 

As described in an earlier paper of the present series (10) the 
mitochondrial oxidation product of t-hydroxyproline has been 
obtained on a preparative scale, and has been purified and chem- 
ically characterized. This work has provided a more complete 
identification of the compound as A!-pyrroline-3-hydroxy-5- 
carboxylate, and has also made available relatively pure substrate 
preparations with which to define further individual metabolic 
steps. One of these reactions, the enzymatic reduction of 
A'-pyrroline-3-hydroxy-5-carboxylate to Lhydroxyproline by 
either reduced diphospho- or reduced triphosphopyridine nucleo- 
tide is described in an accompanying paper (11). 

The present paper will provide evidence for a second reaction 
of this pyrroline oxidation product of Lhydroxyproline, namely 
oxidation to y-hydroxyglutamate, according to the equation: 


A!-Pyrroline-3-hydroxy-5-carboxylate + DPN* + H-. 
— +-hydroxyglutamate + DPNH + H* 


Ensymatically formed y-hydroxyglutamate has been isolated and 
identified both structurally and sterically; this identification 
supports the earlier assignment of configuration to the individual 
isomers based on resolution of each of the two chemically syn- 
thesized racemates (12). The present paper also documents the 
status of y-hydroxyglutamate as a mammalian metabolic inter- 
mediate, and describes the properties of the enzyme that cata- 


* This investigation was supported by research grants from the 
National Science Foundation (G-5207) and the United States 
Public Health Service (E-2444). Some of this work has been 


published in preliminarv form (1-3). 


lyzes its formation. The dehydrogenase catalyzing the oxidation 
of A’-pyrroline-3-hydroxy-5-carboxylate appears to be identical 
with an enzyme studied by Strecker concurrently with the pres- 
ent work. As noted in two preliminary reports (13, 14), Streck- 
er’s studies utilized A'-pyrroline-5-carboxylate as substrate. Ob- 
servations presented below suggest that the enzyme catalyzing 
the oxidation of both these pyrroline substrates has even wider 
specificity, including unsubstituted A'-pyrroline, and it will there- 
pore be referred to here as A!-pyrroline dehydrogenase. 


EXPERIMENTAL PROCEDURE 


A!-Pyrroline-3-hydroxy-5-carboxylate was obtained by en- 
zymatic synthesis (10). A sample of y-hydroxyglutamic acid (as 
the synthetic mixture of the four stereoisomers) was kindly pro- 
vided by Dr. L. P. Bouthillier (16). A similar synthetic diastere- 
omeric mixture as well as samples of the B-racemate (12)? and of 
the p-antipode of this racemate were generously donated by Dr. 
M. Winitz. p-Allohydroxyproline was a commercial product 
(California Corporation for Biochemical Research) as were DPN, 
TPN, DPNH, and TPNH (Sigma Chemical Company), and 
DL-pyroglutamic acid (Mann Research Laboratories). Other 
compounds (p-proline, Laspartie semialdehyde, o-aminobens- 
aldehyde, Al-pyrroline, A'-pyrroline-2-carboxylate, and Al- pyrro- 
line-5-carboxylate were obtained as described earlier (10, 11). 
Crystalline muscle lactic dehydrogenase was commercial (Sigma 
Chemical Company. N ,N-Diethylaminoethylcellulose (DEAE- 
cellulose) was a product of Eastman Kodak Company. Calcium 
phosphate gel was prepared by the Swingle-Tiselius method 
(17) as modified by Plaut.“ The dry weight of the gel used was 
31 mg per ml. 

Methods for measuring hydroxyproline and A!-pyrroline-3- 


1 An induced enzyme catalyzing the oxidation of A'-pyrroline 
(‘*y-aminobutyraldehyde dehydrogenase (15)) has been obtained 
from bacteria grown on pyrrolidine. The induced bacterial 
dehydrogenase, however, was reported not to oxidize A'-pyrroline- 
5-carboxylate and hence has narrower specificity than the mam- 
malian enzyme described here. 

* The two racemates of y-hydroxyglutamate have been sepa- 
rated both by solubility and ion exchange chromatography (12). 
Racemate A is less soluble than B in HCl-saturated aqueous solu- 
tion, and also is eluted (with dilute acetic acid) behind B from s 
Dowex 1l-acetate column. Analysis of configuration (12) has led 
to the conclusion that in the A-pair, the hydroxyl and amino 
groups are trans, whereas in the B-pair, these functional groups 
are cis. The L-antipode of the B-racemate would therefore corre- 
spond to L-hydroxyproline in configuration at both asymmetrical 
carbons. 

* Dr. G. W. E. Plaut, personal communication. 
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measured spectrophotometrically with excess DPNH and 
-Hydroxyglutamate was estimated by 
color formation with ninhydrin (18) and was found to give the 
same color yield as glutamate. ‘y-Hydroxyglutamate was also 
estimated as the ferric hydroxamate obtained after deamination 
and lactonization, by a method described for glutamic acid (19) ; 
in this test“ also, the color yield was equal to that of glutamate. 
Spectrophotometric measurements were made at room tem- 
perature with a Beckman model DU spectrophotometer with 
cells of 1-cm light path. Polarimetry was carried out in a Ru- 
dolph visual polarimeter. Elementary analyses were performed 
by the Clark Microanalytical Laboratory, Urbana, Illinois. In- 
frared spectra were obtained with a Perkin-Elmer double beam 


spectrophotometer. 
RESULTS 


Assay and Preparation of Enzyme 

Enzyme Assay—The standard assay for Al- pyrroline dehy- 
drogenase was based on the rate of DPNH formation as meas- 
ured by absorbancy at 340 my. The incubation mixture rou- 
tinely contained potassium phosphate, 50 mu, pH 6.9; DPN 
1 ms; A!-pyrroline-3-hydroxy-5-carboxylate* 1 to 2 mm; and 
enzyme, in 2-ml final volume. The reaction was started by 
addition of substrate and the change in absorbancy at 340 mu 
was recorded for a 2-minute period thereafter. Absorbancy 
(Fig. 1). A blank reaction, observed with the acetone powder 
extract (see below) but not with more purified fractions, was 
corrected with a substrate-free incubation mixture. 

One enzyme unit represented an increase of 0.001 in absorb- 
ancy under the standard assay conditions. 

Assay of Substrates—The purified dehydrogenase proved use- 
ful in assaying any of its pyrroline substrates in the presence of 
excess DPN. Such enzymatic assays of A'-pyrroline-3-hydroxy- 
5-carboxylate were found to agree closely with assays based on 
borohydride reduction to hydroxyproline (10). A'-pyrroline-5- 
carboxylate and A'-pyrroline were also assayed enzymatically. 

Purification of Enzyme—aAll procedures were carried out at 0° 
except where noted. Acetone powders of fresh or frozen beef 
liver were prepared and extracted as described for the purifica- 
tion of A!-pyrroline-5-carboxylate reductase (11). The extracts 
(Fraction I) were brought to 0.3 saturation in ammonium sul- 
fate by adding 0.43 volume of cold saturated ammonium sulfate 
solution, and the precipitate, collected after 15 minutes, was 
either discarded or saved for further fractionation of the reduc- 
tase (11). The 0.3-saturated supernatant solution was brought 
to 0.6 saturation by the addition of 0.75 volume of saturated 
ammonium sulfate, and the precipitate was collected by centrif- 


Although y-hydroxyglutamate might be expected to form a 
lactone without preliminary deamination with nitrous acid, this 
was not observed with either the diastereomeric mixture or the 
stereoisomer prepared enzymatically. 

The preparations of A'-pyrroline-3-hydroxy-5-carboxylate 
routinely used for enzyme assay were purified through Dowex 50 
(10), evaporated to dryness under a filtered air stream or in a 
vacuum and then brought to one-tenth the original volume. 
These preparations assayed at 50 to 60% purity by dry weight and 
showed good correspondence between enzymatic assay (DPN 
a and measurement by chemical reduction to hydroxy- 

ine 
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CHANGE IN ABSORBANCY AT 340 my 
° 


2 3 
MINUTES 

Fig. 1. Dependence on time and enzyme concentration of rate 
of DPN reduction. The enzyme used was Fraction II; numbers 
on the figure represent milligrams of protein per milliliter of in- 
cubation mixture. Linearity with enzyme holds for all concentra- 
tions except the highest shown. 


ugation after 15 minutes. The precipitate was redissolved in 
0.05 potassium phosphate, pH 7.5, to the volume of the original 
acetone powder extract; 0.01 1 GSH and 0.001 u ethylenedia- 
minetetraacetate were added (Fraction II). 

The 0.3 to 0.6 ammonium sulfate fraction was dialysed over- 
night against 20 volumes of 0.005 M potassium phosphate, pH 
7.5 (Fraction III). A negative adsorption step with calcium 
phosphate gel was carried out by stirring the dialyzed solution 
with 0.15 volume of gel for 15 minutes. The gel was removed 
by centrifugation and the supernatant solution treated with 0.4 
volume of calcium phosphate gel. After 15 minutes, the gel 
was collected by centrifugation and eluted with a volume of 0.1 
M potassium phosphate, pH 7.5, equal to that of the first gel 
supernatant solution, and containing 0.01 « GSH and 0.001 u 
ethylenediaminetetraacetate (Fraction IV). 

The calcium phosphate gel eluate was chilled to a slush in an 
ice-salt mixture and to it was added slowly and with stirring 
0.75 volume of acetone at —15°. After 10 minutes at —10°, a 
small precipitate was removed by centrifugation and an addi- 
tional 0.14 volume of acetone was added to the supernatant 
solution. The precipitate which formed was collected by cen- 
trifugation and redissolved in the original volume“ of 0.05 u 
potassium phosphate, pH 7.5 (Fraction V), and again fraction- 
ated with saturated ammonium sulfate solution. The precipitate 
between 0.5 and 0.6 saturation was collected. This precipitate 
was redissolved in half the original volumeꝰ of 0.05 u potassium 
phosphate, pH 7.6 (Fraction VI). At this stage, the enzyme 
showed variable stability when kept at — 15° in buffer containing 
0.01 u GSH and 0.001 u ethylenediaminetetraacetate. Some 
preparations were stable for several weeks whereas others lost 
appreciable activity in a few days. For longer storage, Fraction 
I or II was generally stable for weeks to months if kept at —15° 
in GSH-ethylenediaminetetraacetate solutions. 

Although the apparent purification shown in Table I exceeds 
60-fold, this multiple is based partly on an apparent 3-fold in- 
crease in total units obtained in the preparation of Fraction II. 
In other purification protocols, a similar 1.5- to 3-fold increase 


* Referred to the volume of the calcium phosphate gel eluate. 
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diluted with an equal volume of water and placed on a column 
(4.6 Xx 46 cm) of Dowex 50-X8 (100 to 200 mesh) in the H+ 
form. After washing with several column volumes of wate 
the resin was eluted with 0.3 n HCl; beginning at 3330 ml d 
eluate, y-hydroxyglutamate emerged in a volume of 1000 mi 
Immediately after this peak, a small peak of residual Al- pyno 
line-3-hydroxy-5-carboxylate was eluted. The pooled hy- 
droxyglutamate eluates were repeatedly concentrated under 
reduced pressure to remove HCl, and the residue was taken up 
in 250 ml of water and adjusted to pH 6.5 with 3 & sodium hy- 
droxide. This solution (estimated to contain 4.9 mmoles of 
y-hydroxyglutamate by the lactone assay and 4.8 mmoles by 
the ninhydrin method) was then passed through a freshly pre. 
pared (21) column (4.6 X 46 cm) of Dowex 1-acetate and eluted 


TABLE I 


Purification of Al- pyrroline dehydrogenase with 
A!-pyrroline-8-hydrozy-5-carbozylate as substrate 


Fraction No. an — Total units 
mg/ml 
I. Acetone powder extract....| 665 37 18 | 53,300 
II. Ammonium sulfate (0.3- 
V 2,060 14 147 166, 000“ 
III. Ammonium sulfate, di- 
o 1,180 | 10 118 | 114,000 
IV. Calcium phosphate eluate. .| 1,230 | 7 175 | 113,000 
V. Acetone (0.43-0.50)......... 950 1.6 594 90,500 
VI. Ammonium sulfate (0.5 


* See text for discussion of the apparent increase in enzyme 
units. 


in enzymatic units was consistently observed in this step. As 
noted in an accompanying paper (11), the 0 to 0.3 ammonium 
sulfate fraction contains virtually all the A'-pyrroline-5-car- 
boxylate reductase activity and leaves behind essentially all the 
dehydrogenase activity of the beef liver acetone powder extract. 
It would, therefore, seem plausible to account for the apparent 
increase in units, at least in part, by removal of a competing 
reoxidation of DPNH catalyzed by the reductase present in 
Fraction I; an additional increment may be due to the reoxida- 
tion of DPNH by other enzymes of this initial extract. Ignoring 
the gain in total units and assuming no loss of units in the first 
step, a more realistic estimate of the over-all purification leads 
to a value of 20- to 25-fold for most of the fractionations. 


-Hydroryglutamate as Reaction Product 
Stoichiometry of Reaction—The equivalent utilization of A’- 
pyrroline-3-hydroxy- S- carboxylate and formation of -hydroxy- 
glutamate with the reduction of one equivalent of DPN could 
be demonstrated in a reaction in which pyruvate reduction (with 
crystalline lactic dehydrogenase) was coupled to oxidation of 
the pyrroline substrate (Table II). 

_ Identification of Reaction Product—In preliminary experiments, 
-hydroxyglutamate was qualitatively identified as the principal 
reaction product by paper chromatography (Table III). For 
further identification of the product by isolation after large scale 
enzymatic synthesis, the reaction was coupled to pyruvate re- 
duction. In one such incubation, 4.46 mmoles of A'-pyrroline- 
3-hydroxy-5-carboxylate,* 225 ml of A'-pyrroline dehydrogenase 
(Fraction II), 4.5 mmoles of sodium pyruvate, 0.9 mmole of 
DPN, and 500 mg of crystalline lactic dehydrogenase, in a total 
volume of 450 ml containing 0.05 M potassium phosphate at pH 
7.5, were incubated at room temperature in a stoppered flask 
for 20 hours. The reaction was stopped by addition of an equal 
volume of 1 N acetic acid and the resulting precipitate was re- 
moved by centrifugation. Assays of the supernatant solution 
indicated the disappearance of virtually all the initial pyrroline 
compound and the formation of an approximately equivalent 
quantity of y-hydroxyglutamate. The supernatant solution was 


7 The spontaneous increase in units of 4'-pyrroline-5-carboxyl- 
ate reductase reported by Smith and Greenberg (20) in aged rat 
liver homogenate may similarly be due in part to inactivation of 

preparations. 


the pyrroline dehydrogenase in these 


TABLE II 


Stoichiometry of utilization of A'-pyrroline-8-hydrory-5-carbozrylak 


and formation of y-hydrozyglutamate 


The incubation mixture contained per ml: 50 wmoles of potas. 
sium phosphate, pH 6.8; 5 wmoles of sodium pyruvate; 3.6 wmoles of 
4'-pyrroline-3-hydroxy-5-carboxylate; 2 mg of A'-pyrroline dehy. 
drogenase (an ammonium sulfate subfraction of Fraction II); 
2 mg of crystalline muscle lactic dehydrogenase; and 3 ywmoles of 
DPN. Incubation A contained all components listed; incubation 
B lacked DPN. The mixtures were kept at 25° for 4 hours; tle 1 
reaction was stopped by adding 0.1 volume of 50% trichloroacetic 
acid. A'-Pyrroline-3-hydroxy-5-carboxylate was determined by 
color formation with o-aminobenzaldehyde (standardized by 
enzymatic assay with the dehydrogenase); pyruvate was esti- 
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mated enzymatically with excess DPNH and lactic dehydrogen- R 
ase; y-hydroxyglutamate was estimated by ninhydrin color after synt 


elution from paper chromatograms. 


Change 
Component 
A B 

A!-Pyrroline-3-hydroxy-5-carboxylate..... —3.0 —0.2 tifies 

2.8 —0.3 
-Hydroxyglutam ate +3.1 0 mate 
cided 
was | 
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Paper chromatography of enzymatically formed y-hydroryglutamak} gluta 

Aliquots of an incubation mixture similar to that described inf D-ant 
Table II were chromatographed in the solvents shown. Th contr 
reference sample was a synthetic mixture of the four isomers of signif 


appearing after incubation. 


+y-hydroxyglutamate (16). infrar 
Rp of sample antip 

Solvent Ratio SA 

| synthett and it 

consis 

Phenol-water..................... 5:1 0.29 | 0.% — 
n-Butanol-95% ethanol-ammonia 8:1:3 0.04 0.8 
n-Butanol-acetic acid-water........ 4:1:1 0.19 0.18 perat 
Ethanol-water..................... 77:23 0.29 0.9 ment 
Butanol-benzene - methanol- water 1:2:1:1 | 0.24 0. [H60, 
Pyridine- water. 13:7 0.52 0. A I the co 
n-Propanol-0.2 N ammon ia 3:1 0.08 | 0.0 § the de 
tert-Butanol-formic acid-water. .... 14:3:3 0.32 | 0.31 8 
* The spot measured was the principal ninhydrin-reacting — 
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with 0.5 & acetic acid. Beginning at 4750 ml, y-hydroxygluta- 
mate emerged in a volume of 1100 ml. The pooled eluates 
(4.7 mmoles of y-hydroxyglutamate by ninhydrin assay) were 
concentrated to a thick yellowish oil, treated with charcoal, and 
dried in a vacuum over KOH. A dense white crystalline residue 
was recrystallized by redissolving in minimal water and adding 
absolute ethanol. The needles that formed on cooling were col- 
lected and dried over PO,; yield, 493 mg. (Hemihydrate, 2.8 
mmoles, or 62% of the initial A'-pyrroline-3-hydroxy-5-carboxy]- 
ate added.) On concentration of the mother liquor, two fur- 
ther crops of crystals appeared, totaling an additional 0.6 mmole 
(ninhydrin assay) with a total recovery of 75% of the added 
pyrroline substrate. 

Elementary analysis gave values consistent with the hemi- 
hydrate.® 

C. H. · O.5 H,O (molecular weight, 172.1) 
Calculated: C 34.9, H 5.9, N 8.1 
Found: C 34.7, H 5.8, N 7.7 
Molar concentration (2% solution) 
Calculated: 0.116 u 
Found (ninhydrin): 0.115 u 
The first crop gave the following molar rotations: 
[alssss = +28.5° (0.12 M in water, 2-dm tube) 
6662 = +59.5° (0.06 Min5N HCl, 2-dm tube) 


Reported molar rotations for the Lisomer of racemate B of 
synthetic y-hydroxyglutamate (12) are 


laksss = +31.8° (water) 
lalises = +61.6° (5 N HCl) 


The elution behavior from Dowex 1-acetate of enzymatically 
formed y-hydroxyglutamate was consistent with the steric iden- 
tification of the compound as an isomer belonging to the B-race- 
mate, since the elution pattern of the enzymatic product coin- 
cided with that of the synthetically obtained B-racemate and 
was distinct from that of the A-racemate (Fig. 2).? 

An infrared spectrum® of enzymatically formed y-hydroxy- 
glutamate was identical with that of the synthetically obtained 
p- antipode of the B-racemate (Fig. 3). It is notable that, in 
contrast, the racemate composing these optical antipodes gave a 
significantly different spectrum (Fig. 3); differences between the 
infrared spectra of amino acid racemates and their individual 


§ antipodes have been observed previously (22, 23). 


* Although samples of the B-racemate of y-hydroxyglutamate 
and its antipodes have been reported to give C, H, and N analyses 
consistent with the monohydrate (12), repeated analyses of our 
enzymatically made product agreed rather with the hemihydrate. 
Further, a sample of synthetic 7-hydroxyglutamate (p-antipode 
of B-racemate) obtained from Winitz and redried at room tem- 
perature over PO in a vacuum gave analyses in better agree- 
ment with the hemihydrate than the monohydrate (Found: C 34.4, 
H6.0,N 8.1). It seems likely, therefore, that small variations in 
the conditions of crystallization and drying, or both, may influence 
the degree of hydration. 

We are indebted to Dr. William Elliott of the Department of 
Biochemistry, St. Louis University, and to Mr. Harry Margraf 
of the Department of * Washington University, for aid in 
obtaining and interpreting these spectra. 
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Fic. 2. Elution patterns of synthetic and enzymatic y-hydroxy- 
glutamate. A 50mg portion of a synthetic diastereomeric mixture 
was c hed on a Dowex I-acetate column (1.5 X 76 
cm) and eluted with 0.5 N acetic acid. The column was washed 
thoroughly with water and then used to chromatograph enzymati- 
cally made y-hydroxyglutamate. Eluates were collected in 2.5 
ml fractions and a 0.2 ml sample of each was assayed for ninhydrin 
color at 570 ma (18). ——, synthetic y-hydroxyglutamate; - , 
enzymatically made y-hydroxyglutamate. 
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Fic. 3. Infrared spectra of (A) enzymatically made — 
glutamate; (B) synthetically made p-y-hydroxyglutamate (B- 
racemate) (12), which is the optical antipode of enzymatically 
derived y-hydroxyglutamate; and (C) synthetic B-racemate, com- 
posed of the two antipodes represented in (A) and (B). 


Properties of Enzyme 
alyzed DPN reduction with several Al- pyrroline compounds, 
A'-pyrroline itself, A'-pyrroline-5-carboxylate and Al-pyrroline - 
3-hydroxy-5-carboxylate. Although A!-pyrroline-2-carboxylate 
was not a substrate, it acted with competitive characteristics, 
markedly slowing the oxidation of low, but not high, concentra- 
tions of A'-pyrroline-3-hydroxy-5-carboxylate. A'-Pyrroline ap- 
peared to be oxidized by the same enzyme catalyzing A!-pyr- 
roline-3-hydroxy-5-carboxy late oxidation, since ratios of activity 
toward the two substrates were constant in Fractions IV, V, and 
VI. Although the most purified enzyme fractions catalyzed 
acetaldehyde oxidation, this activity could be largely separated 
by DEAE-cellulose fractionation (see below) from that for the 
oxidation of A'-pyrroline substrates. Furthermore, the oxida- 
tion of acetaldehyde or glycolaldehyde in partly purified enzyme 
preparations (Fraction VI) could be inhibited up to 90% by 
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preincubation of the enzyme with solutions O. I-saturated with 
respect to tetraethylthiuram disulfide (24); the latter compound 
did not inhibit the oxidation of A'-pyrroline-3-hydroxy-5-car- 
boxylate. Aspartic g- semialdehyde (2-aminosuccinaldehydic 
acid) showed only a slow reaction with Fraction V of the dehy- 
drogenase; in 3 mm solutions of substrate the rate of DPNH 
reduction was less than one-tenth that seen with saturating con- 
centrations of A'-pyrroline-3-hydroxy-5-carboxylate. Aspartic 
B-semialdehyde did not inhibit the oxidation of equimolar Al- 
pyrroline-3-hydroxy-5-carboxy late. 


Identity of Dehydrogenase for A'-Pyrroline-5-carbozrylate 
and A'-Pyrroline-3-hydrory-5-carborylate 

In preliminary studies (1) of the reaction described here frac- 
tionation of liver extracts by adjustment to pH 4 appeared to 
separate the activities for dehydrogenation of A'-pyrroline-5- 
carboxylate and A!'-pyrroline-3-hydroxy-5-carboxylate. How- 
ever, later studies with more purified enzyme fractions and sub- 
strates, with use of considerably higher reaction rates, failed to 
corroborate the earlier impression that these two reactions are 
separable by fractionation. Instead, a variety of further ob- 
servations suggested that a single enzyme catalyzes the oxida- 
tion of both pyrroline compounds. 

Ion Exchange Chromatography—Chromatography of Fraction 
VI on DEAE-cellulose, although providing no further degree of 
purification, showed coincident elution of the material responsible 
for the dehydrogenation of both A'-pyrroline-3-hydroxy-5-car- 
boxylate and A'-pyrroline-5-carboxylate (Fig. 4). The peak of 
highest activity for acetaldehyde oxidation was eluted from the 
column early, and showed some pyrroline dehydrogenase ac- 
tivity, whereas a trace of acetaldehyde-oxidizing activity ac- 
companied the principal peak of A'-pyrroline dehydrogenase 
activity. These results suggest that while pyrroline and “acet- 
aldehyde’’ dehydrogenases each have broad specificity, including 
activity both toward cyclic azomethines and aliphatic aldehydes, 
yet each enzyme (or group of enzymes) shows quantitative 
selectivity for one or the other type of substrate. 

Inhibitor Constants—As noted below, several cyclic compounds, 


>. 
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UNITS PER ML . 
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ELUATE CML.) 

Fic. 4. Ion exchange chromatography of enzyme. Fraction V, 
25 ml, was dialyzed with stirring for 4 hours at 5° against 500 ml 
of potassium phosphate buffer (0.005 u., pH 7.5) containing 0.01 u 
GSH and 0.001 u ethylenediaminetetraacetate. The enzyme 
solution was passed through a column (1.5 Xx 10 cm) of DEAE- 
cellulose previously washed with 0.005 Mu potassium phosphate, 
pH 7.5, containing 0.01 M GSH and 0.001 u ethylenediaminetetra- 
acetate. The enzyme solution was washed in with 30 ml of buffer, 
and the column was eluted by a gradient method: mixing volume, 
75 ml; reservoir, 0.1 u potassium phosphate, pH 6.5. Fractions 
of 3 to 5 ml were collected at a flow rate of 0.5 to 1.0 ml per minute. 
Assays were made at pH 7.1 as described, with acetaldehyde (+), 
4'-pyrroline -5-carboxylate (O), or A'-pyrroline -3 - hydroxy -5- 
carboxylate (@) as substrate. 


IV A 
Inhibitor constants with 4'-pyrroline-5-carbozylate and ca 
A!-pyrroline-3-hydrozy-5-carborylate as substrates hi 
Inhibitor constants were obtained from curves similar to those 
shown in Fig. 9. 
Kr 
Inhibitor — 
4'-pyrroline-3-hydrozy- 
4'-pyrroline-5-carboxylate S-carboxylate 
* an 
Imida sole 29 X 10 30 X 10 sti 
u-Profime............... 2.6 X 10 3.3 X 10 pe 
L-Hydroxyproline....... 0.7 X 10°? 1.9 X 10 
TaBLe V 


Residual activity for Al- pyrroline -S- carboæylate and 
after 
gel adsorption 


Samples of Fraction III were treated with 0.3, 0.4, and 0.5 vol- 
ume of calcium phosphate gel. The gel supernatant solutions 
were assayed at pH 7.1, as described in text. Original activityin | __ 
Fraction III: A'-pyrroline-5-carboxylate, 1670 units per ml; A. 
pyrroline-3-hydroxy-5-carboxylate, 1170 units per ml. 


Percentage of original activity 
Volumes of gel ne 
ate te 
0.3 82 74 
0.4 32 30 
0.5 19 18 


imidazole, I and p- proline and Lhydroxyproline, were com- 
petitive inhibitors of the dehydrogenation of both pyrroline sub- 
strates. For three inhibitors, comparison of K. gave similar 
values with either substrate (Table IV). 

Ratios of Activity on Fractionation and Partial Inactivation— 
Comparison of successive dehydrogenase fractions (Table I) for 
activity with A'-pyrroline-5-carboxylate and A'-pyrroline-3-hy- 
droxy-5-carboxylate showed similar ratios for the two substrates. 
Assayed at pH 7.1, the ratio of rates of DPNH reduction (A. 
pyrroline-5-carboxy late to A'-pyrroline-3-hydroxy-5-carboxy late) 
were as follows: Fraction II, 1.3; Fraction IV, 1.7; Fraction V, 
1.9; and Fraction VI, 1.8. Constant ratios for residual activity 
with each substrate were also observed after calcium phosphate 
gel absorption (Table V) and inactivation by heat (Table VI). 

Combination of both substrates gave assay values consistent 
with saturation of a single enzyme. In one such trial with Frae- 
tion II, 0.5 mM A!-pyrroline-3-hydroxy-5-carboxylate alone gave 
a rate of 1500 units per ml, 0.5 mm A'-pyrroline-5-carboxylate 
alone gave a rate of 2920 units per ml, whereas the rate with 
both substrates together, each at 0.5 mm, was 1520 units per ml. 
In a similar experiment with Fraction IV, rates for A'-pyrroline- 
3-hydroxy-5-carboxylate, A'-pyrroline-5-carboxylate, and both 
substrates combined, were, respectively, 805, 1030, and 910 units 
per ml. 


Other Properties of Enzyme Fic 


pH Optimum The pH dependence of A'-pyrroline-3-hydroxy- recipr 
5-carboxylate oxidation with Fraction VI is shown in Fig. & 23 x 
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A less complete study of the pH dependence of Al- pyrroline-5- 
carboxylate oxidation by the same enzyme fraction indicated a 
higher pH optimum, in the range of pH 8 to 9. 

Substrate A ffinity—Dependence of reaction rate on substrate 


VI 
Residual activity for 4'-pyrroline-3-hydrozy-5-carborylate and 
A!-pyrroline-6-carbozylate after heating 
Samples of Fraction IV were heated at 40° for the times shown 
and assayed at pH 7.1 with each pyrroline compound as sub- 
strate. Initial activity: A'-pyrroline-5-carboxylate, 915 units 
per ml; 4'-pyrroline-3-hydroxy-5-carboxylate, 820 units per ml. 


Percentage of original activity 
Time at 40° 
4'-pyrroline-S-car- A'-pyrroline-3-hydroxzy- 
bozylate S-carbozylate 
min 
1 71 70 
2 41 43 
5 26 29 
15 13 14 
800 
doce 
a 
94004 
— 
3 
200. 
60 65 7.0 7.5 8.0 6.5 
pH 


Fic. 5. pH dependence of A'-pyrroline-3-hydroxy-5-carboxyl- 
ate oxidation. All buffers were at 0.05 M concentration; pH of 
incubation mixtures was measured after the reaction. Enzyme 
used was Fraction VI. @, Sodium acetate; O, potassium phos- 
phate; , Tris-HCl; A, sodium glycinate. 
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Fie. 7. Affinity for A'-pyrroline - 3 - hydroxy - 5 - carboxylate. 
Fraction VI was assayed as described in the text. The inset 
represents a reciprocal plot from which the value of K, was deter- 
mined as 4.0 X 10M. 
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Fic. 8. Affinity for DPN. Fraction VI was assayed as de- 
scribed in text; A!-pyrroline-3-hydroxy-5-carboxylate concentra- 
tion was 1.7 amoles per ml. The inset represents a reciprocal plot 
from which the K. for DPN was evaluated as 1.3 X 10 M. 


concentration is shown for A'-pyrroline-5-carboxylate (Fig. 6), 
A'-pyrroline-3-hydroxy-5-carboxylate (Fig. 7), and DPN (Fig. 
8). As shown, the values of K, for these three compounds were 
2.3 X 10-* u, 40 Xx 10 mw, and 1.3 X 10-* M, respectively. 
The K. determined for A'-pyrroline as substrate was 1.1 X 10-* 
m. X. for DPN with A’-pyrroline-5-carboxylate as substrate 
was 0.3 X 10 M, substantially different’* from K. for DPN 
determined with A'-pyrroline-3-hydroxy-5-carboxylate as sub - 
strate. 

TPN could replace DPN in assays with Fraction VI, although 
a considerably higher concentration was necessary for satura- 
tion and a slower maximal rate was obtained. K, for TPN was 
not determined precisely but was estimated at about 10-* m. 


10 This 4-fold difference, reproducible in two determinations, 
might seem inconsistent with a single enzyme for the oxidation of 
both substrates. However, in bimolecular reactions, precedent 
exists for the dependence of the K, value of one reaction partner 
on the nature of the other, ¢.g. crystalline beef heart lactic dehy- 
drogenase, in which affinity for pyruvate depends upon the pertic- 
ular reduced pyridine nucleotide serving as electron donor (25). 
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The rate with a near-saturating concentration (5 mm) of TPN 
was 290 units per ml, whereas that with DPN (0.25 mm) was 
540 units per ml. 

Sulfhydryl Inhibitore—On purification, a sulſhydryl require- 
ment for maintenance of enzyme activity became apparent in 
the early fractions and necessitated addition of reduced thiols 
as a routine measure. As noted above, ethylenediaminetetra- 
acetate was also added routinely although without definite evi- 
dence for its requirement in addition to GSH. GSH was found 
to be the most effective of a number of thiols tested, including 
cysteine, thioglycolate, mercaptoethanol, and 2,2’-thiodiethanol. 
A comparison of several sulfhydryl reagents (Table VII) showed 
inorganic arsenite to inhibit the reaction, even in the presence 
of GSH; the inhibition of several aldehyde dehydrogenases by 
arsenite has been reported (26, 27). 

Trials of other reagents indicated no unequivocal inhibition 


TABLE VII 


Inhibition by sulfhydryl-binding reagents 
Fraction VI was prepared as described except for omission of 
GSH from the final ammonium sulfate fraction. Enzyme ac- 
tivity assayed under standard conditions was 442 units per ml, 
the low value being attributable to the omission of thiols. 


p-Chloromercuribenzoate 
2 X 
3 X 10° 
8 X 

10 


10 
2.5 X 10 


N- Ethylmaleimide 


10 
7 X 10 
10 


Iodoacetate 


R Beo SN 8888 


Arsenite* 2.5 X 10 


* In this instance, the enzyme solution contained 0.01 M GSH 
and had a control activity of 1670 units per ml. 


Taste VIII 
Spontaneous increase in enzyme activity after thawing 
Freshly prepared Fraction VI containing 0.01 M GSH and 0.001 
u ethylenediaminetetraacetate was assayed and stored overnight 
at —15°. After thawing and thorough mixing the next morning, 
enzyme samples were kept at 0°, without further additions. 


Time after thawing A B 
min units/ml 
1170* 1640* 
10 485 
30 670 
60 970 915 
95 1220 
115 1340 
120 980 
135 1340 


* Original activity before freezing on previous day. 
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Fic. 9. Competitive inhibition of the oxidation of A'-pyrroline- 
3-hydroxy-5-carboxylate by imidazole (A) and L-hydroxyproline 
(B). Abscissa is reciprocal mu concentration of substrate, ordi- 
nate is reciprocal velocity (units per ml of enzyme). Numbers 
shown at each line are the respective molar concentrations of 
inhibitor. Vm. differs for each experiment since a different 
enzyme preparation was used with each inhibitor. See Table IV 
for values of X.. 


by fluoride, arsenate, borate, or ethylenediaminetetraacetate at 
concentrations between 10-? M and 10-? M. Systematic tests 
with metal ions were not undertaken. 

A point of interest is the observation that on repeated occasions 
enzyme solutions stored at — 15° with GSH and ethylenediamine- 
tetraacetate showed low assay values immediately after thawing 
but subsequently exhibited a gradual spontaneous increase in 
activity (Table VIII). 

Competitive Inhibitors—Several compounds with 5-membered 
ring structures were moderately efficient inhibitors of the reac- 
tion with either A'-pyrroline-5-carboxylate or Al- pyrroline- . 
hydroxy-5-carboxylate as substrates. The inhibition was clearly 
competitive (Fig. 9) and was significant in suggesting that the 
ring form of the substrate rather than the aldehyde form is the 
species bound to the enzyme. A point of additional interest was 
the observation that although L- and p-proline were comparably 
active inhibitors, p-allohydroxyproline, in contrast to t-hydroxy- 
proline, had practically no inhibitor action with either A'-pyr- 
roline-5-carboxylate or A'!-pyrroline-3-hydroxy-5-carboxylate as 
substrate. 


DISCUSSION 


In animal tissues the metabolic reactions presently known 
for Lhydroxyproline or its pyrroline oxidation product include: 
(a) oxidation to A!-pyrroline-3-hydroxy-5-carboxylate; (b) re 
duction of the pyrroline compound to Lhydroxyproline (11), 
and, as described in the present paper, oxidation of the pyrroline 
product to y-hydroxyglutamate (Fig. 10). The biological sig- 
nificance of the reductase step, in which hydroxyproline is re 
formed from its own oxidation product, is not evident and was 
briefly discussed in an accompanying paper (11); this reaction 
may represent only a lack of absolute specificity on the part of 
an enzyme in which the primary metabolic role lies in catalysing 
a homologous step in the biosynthesis of proline from glutamate. 

The synthesis of y-hydroxyglutamate, however, in all prob 
ability represents a major step in the metabolic degradation o 
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hydroxyproline. Inasmuch as administered hydroxyproline is 
readily oxidized by animals (7) and appears to be similarly well 
utilized by man after ingestion of the free compound (28), y- 
hydroxyglutamate may be a quantitatively important metabo- 
lite, particularly when dietary intake of hydroxyproline is high. 
Although the further reactions of y-hydroxyglutamate in ani- 
mals are not yet defined, the work of Benoiton and Bouthillier 
(9) indicates that labeled carbon from diastereomeric y-hydroxy- 
glutamate fed to rats can be found in carcass glutamate and 
aspartate. It may be noted that one enzymatic reaction so far 
reported for y-hydroxyglutamate is bacterial decarboxylation of 
the a-carboxyl group, described by Virtanen and Hietala (29) 
for the naturally occurring isomer from Phloz. 

The enzymatic formation of y-hydroxyglutamate from L- 
hydroxyproline by reactions not likely to alter configuration at 
either of the two asymmetrical carbons also provides an oppor- 
tunity for assignment of configuration to the enzymatic product. 
As noted briefly above, the agreement of rotation of enzymat- 
ically formed y-hydroxyglutamate with that of the isomer as- 
signed by independent methods (12) to have the configuration 

conforming to t-hydroxyproline validates the steric identifica- 
tion by both approaches. Further support is provided by evi- 
dence that A'-pyrroline-3-hydroxy-5-carboxylate, a metabolic 
intermediate between L-hydroxyproline and y-hydroxyglutamate, 
has configuration unchanged from that of hydroxyproline (10). 

The mechanism of pyrroline dehydrogenation has been earlier 
(1, 15) assumed to involve the free aldehyde equilibrium form 
of the substrate, inasmuch as this form appears to be available 
for participation in certain chemical reactions (10, 30). The 
inhibitor studies presented above, however, indicate that stable 
ring structures (pyrrolidine, imidazole) are competitively bound 
to the enzyme, whereas a-amino aldehydes such as aspartic semi- 
aldehyde are not. These observations favor a mechanism in 
which the ring structure is the form of the substrate bound, and 
in which, therefore, ring opening as well as oxidation may be an 
enzyme-dependent step. A speculative mechanism, similar to 
aldehyde oxidation in its postulated requirement for a hydra- 
tion dehydrogenation sequence, is shown in Fig. 11. In the 
structures illustrated, R may be H (oxidation of A'-pyrroline-5- 
carboxylate to glutamate) or OH (oxidation of Al- pyrroline-3- 
hydroxy-5-carboxylate to y-hydroxyglutamate). In this specu- 
lative sequence, the dehydrogenation step (II — III) results 
in the lactam of glutamate or y-hydroxyglutamate. The pos- 
sibility of such a reaction step was explored by incubating 
DL-pyroglutamic acid (pyrrolidone-5-carboxylate) with the dehy- 
drogenase, both in the presence and absence of DPN. No forma- 
tion of glutamic acid was observed. Incubation of bi- pyro- 
glutamate with enzyme (Fraction VI) in the presence of DPNH 
and a DPNH-regenerating system (t-histidinol and histidinol 
dehydrogenase (31)) was also carried out to detect possible re- 
versal of the postulated step II - III," but no pyrroline com- 
pound appeared to have been formed. Gross tests for two as- 
pects of this hypothetical reaction sequence therefore provide 
no support for it; however, fdilure of such trials could also result 
only from poor binding of the exogenously introduced inter- 


1 Systematic attempts were not made to reverse the over-all 
reaction using y-hydroxyglutamate as substrate. In studies of an 
analogous oxidation, the conversion of A'-pyrroline to y-amino- 
butyrate (15), the reaction was judged irreversible as defined by 
failure to observe radioactivity in A'-pyrroline incubated with 
enzyme, DPNH, and y-aminobutyric acid-1-C™. 
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Fie. 10. Reactions in the mammalian metabolism of u-hydroxy- 
proline. Conversion of 4'-pyrroline-3-hydroxy-5-carboxylate to 
2-amino-4-hydroxyglutaraldehydic acid is known only as a non- 
enzymatic 
tion to hydroxyglutamate 
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Fic. 11. Hypothetical enzyme - bound intermediates. See text 
for details. 


mediates. Alternatively, it may be considered that, after initial 
binding of the pyrroline ring form to the enzyme, ring opening 
is an early step, preceding dehydrogenation. The oxidation of 
the enzyme-bound aldehyde form could then proceed as has 
been suggested for aldehydes in general (27). This latter postu- 
lated sequence would account for arsenite inhibition of both 
aldehyde and pyrroline oxidation under a common mechanism. 

Finally, it is notable that the three enzymatic steps involved 
in Lhydroxyproline metabolism should all appear to catalyze 
reactions homologous with those of t-proline or of Al- pyrroline- 
ated mitochondria support the identity of proline oxidase as a 
single enzyme catalyzing the oxidation of both I- proline and 
t-hydroxyproline (4); more detailed evidence in the present 
studies supports the conclusion that single enzymes also respec- 
tively reduce and oxidize both related pyrroline compounds. 

In each case, Vn. and X. values are more favorable for the 
conversion of proline or its related pyrroline oxidation product 
than for hydroxyproline or hydroxypyrroline. It might then 
be considered speculatively that hydroxyproline (largely con- 
fined to animals as an important structural component) may be 
a late evolutionary development whose metabolism makes use 
of pre-existing mechanisms for degrading or synthesizing the 
structurally related, ubiquitous, and perhaps biologically ante- 
cedent compound, t-proline. 


The enzymatic synthesis of y-hydroxyglutamate from 41. 
pyrroline-3-hydroxy-5-carboxylate is described and these studies 
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as a metabolic product of t-hydroxyproline in the mammal. 
Enzymatically synthesized y-hydroxyglutamate was isolated and 
identified as the L-isomer, the configuration of which at carbon 
2 and 4 is that of Lhydroxyproline. An independent type of 
confirmation is thereby furnished for the steric identification of 
the synthetic y-hydroxyglutamate isomers already reported (12). 

The enzyme catalyzing dehydrogenation of A'-pyrroline-3- 
hydroxy-5-carboxylate oxidizes other Al-pyrrolines including 
A'-pyrroline itself, and is probably identical with an enzyme 
catalyzing oxidation of A'-pyrroline-5-carboxylate to glutamate. 
The party purified enzyme is competitively inhibited by ring 
compounds structurally related to pyrroline, suggesting that the 
pyrroline ring is the form of the substrate bound. 
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Transglutaminase, a Ca**-activated enzyme derived from the 
soluble fraction of guinea pig liver, has been shown to catalyse 
the incorporation of primary amines into protein substrates 
through a replacement reaction to yield a modified protein and 
ammonia (2, 3): 


* 
— 


Protein- CON H, + RNH. ———— Protein-CONHR + NH; 


With two substrate proteins, casein and insulin, it has been 
demonstrated that the amide group of protein-bound glutamine 
is replaced (3, 4). Transglutaminase activity can be followed 
by determination of the incorporation of C'-labeled amines or 
N'5H; into the protein, and by the determination of the ammonia 
liberated from the protein. With acid-soluble substrates, the 
hydroxamic acid formed with hydroxylamine as the replacing 
amine may be estimated (4). At most pH values, the amount 
of ammonia released during the reaction exceeds the equivalents 
of amine incorporated; furthermore, ammonia is liberated also 
if the amine is omitted from the incubation mixture (4). The 
mechanism underlying the release of excess ammonia in the 
presence of amine or the liberation of ammonia in the absence 
of amine may be hydrolytic cleavage of amide groups and/or the 
replacement of protein amide groups by the a-amino groups of 
N-terminal amino acids or by the ¢-amino groups of protein- 
bound lysine. Circumstantial evidence for such a role of the 
¢-amino group of lysine has been reported (3). 

With the aid of acetylated and deaminated proteins as sub- 
strates, it has now been conclusively demonstrated that trans- 
glutaminase catalyzes the hydrolysis of protein amide groups as 
well as replacement reactions. In order to ascertain whether 
transglutaminase effects hydrolysis and replacement at the same 
amide groups, amine incorporation into enzymatically deami- 

EXPERIMENTAL PROCEDURE 


Enzyme ion Transglutaminase was purified from the 
soluble fraction of guinea pig liver homogenate (2). 

Substrates All proteins were commercial preparations dialyzed 
before use against 0.005 u Versene pH 7.5. Insulin was ob- 
tained from the British Drug Houses, Ltd., casein (the Ham- 
mersten preparation) from Mann Biochemical Company, New 
York, 8-lactoglobulin from Nutritional Biochemicals Corpora- 
tion, and crystalline pepsin from the Worthington Biochemical 
Corporation. 


This work has been supported by a grant from the Ford Foun- 
dation and by a contract between the Office of Naval Research, 
Department of the Navy, and the Psychiatric Institute. A pre- 
liminary report of this work has been given (1). 


Since both the A and B chains of insulin were to be used as 


chromatographic separation described earlier (4). 
Although the absence of B chain in the preparation of A chain 
can be ascertained by the lack of basic amino acids (paper chro- 
matography), the establishment of the homogeneity of the B 
chain requires the quantitative analysis of amino acid composi- 
tion. The analytical chromatographic procedure of Moore and 
Stein (5) was utilized for this purpose and showed that the oc- 
currence of amino acids and their ratio to each other was in agree- 
ment with the structure of B chain (6). 

Acetylation of Protein Substrates—The proteins insulin, casein, 
8-lactoglobulin, and pepsin were acetylated with acetic anhy- 
dride (7) and the extent of acetylation determined by estimation 
of the residual amino nitrogen (8). The nitrous acid reaction 
was extended to 7 minutes, and foaming was diminished by the 
addition of 1 ml of octyl alcohol. It was found that by this 
acetylation procedure 90 + 5% of the amino groups of the var- 
ious proteins had been acetylated. 

Acetyl insulin was oxidized by the usual method (9) and the 
acetylated chains isolated in the same manner as described for 
insulin (4). Acetylation of insulin did not modify the properties 
of the oxidized chains to such a degree as to interfere with the 
separation procedure used for the chains from the nonacetylated 
protein 


Deamination of Protein Substrates—To a solution of 1 g of 
protein in 25 ml of glacial acetic acid were added, dropwise, 50 
ml of 80% sodium nitrite with gentle stirring over a period of 
4 hours at about 5°. The excess nitrite and nitrous acid were 
removed by dialysis against a large volume of water in the cold. 
The degree of deamination was determined by the nitrous acid 
method (8). 

Assay Procedures—1. C'-Amine Incorporation: At the end 
of the incubation of the assay mixture and of the appropriate 
blanks, the reaction is stopped by the addition of trichloroacetic 
acid and the precipitated protein washed in the manner already 
described (2). The calculation of the amount of amine bound 
is based on the comparison of the specific activities of the pro- 
tein and the replacing amine, both measured at infinite thickness 
(2). Ammonia released during the incubation can also be de- 
termined in the supernatant fluid (see below). 

2. Hydroxamic Acid Formation: With acid-soluble substrates, 
the replacement activity of transglutaminase is conveniently 
assayed by the use of hydroxylamine as replacing amine; the 
hydroxamie acid formed is estimated colorimetrically as the fer- 
ric complex (10). 
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As substrate for the measurement of enzyme activity, a com- 
mercial tryptic digest of casein, N-Z Amine Type E (Sheffield 
Laboratories), was fractionated by extraction with ethanol as 
follows. The N-Z Amine powder (100 g) is stirred with 200 
ml of 80% ethanol for 20 minutes at room temperature (about 
15% of the powder is soluble). After centrifugation, the super- 
natant fluid is evaporated to dryness and the residue dissolved 
in water (approximately 25 ml). The solution is stirred with 
activated charcoal (1 g), heated, and filtered. The filtrate is 
brought to a final volume of about 45 ml so as to contain about 
300 mg of casein hydrolysate per ml by dry weight. 

To 1 ml of the above described preparation of casein hydroly- 
sate (300 mg per ml) are added 0.1 ml of 0.1 M CaCl:, 0.1 ml of 
0.2 M glutathione, 0.2 ml of 0.5 M hydroxylamine (neutralized to 
pH 7), 0.4 ml of 0.1 M Tris buffer (pH 8.0), and a suitable dilution 
of the enzyme. The final volume of the incubation mixture is 
brought to 2 ml and the pH is adjusted to 7.5. After 10 minutes 
of incubation at 37°, 1.5 ml of ferric chloride-trichloroacetic acid 
reagent are added, and the precipitated protein is removed by 
centrifugation. The optical density of the supernatant fluid is 
measured immediately at 525 my against a blank without en- 
zyme. A blank without Ca“ incubated simultaneously may 
give higher readings than the blank without enzyme because of 
the difficulty of removing traces of Ca++ from the substrate. 

A unit of enzyme activity corresponds to a change of optical 
density of 0.0001 per minute (specific activity = units per mg of 
protein). Protein is determined by the biuret reation (11). 
Under the above conditions, the assay is linear up to 40 units of 
enzyme activity. 

3. Ammonia Release: The substrate protein (15 mg) is incu- 
bated with 0.1 ml of 0.1 M CaCle, 0.1 ml of 0.5 m glutathione, 0.8 
ml of 0.1 m Tris buffer (pH 7), and the enzyme in a total volume 
of 2.0 ml. After 1 hour at 37°, 0.2 ml of 50% trichloroacetic acid 
is added and the protein removed by centrifugation. An aliquot 
of the supernatant fluid (1.3 ml) in a 5-ml volumetric flask is neu- 
tralized and made up to volume with water. The ammonia re- 
leased from 2-ml samples is measured by the Conway microdiffu- 
sion technique (12). 

Determination of Amide Nitrogen—The protein samples are 
hydrolyzed in 2 n HCl at 100° for 2 hours according to the pro- 
cedure of Leach and Parkhill (13). The digest is neutralized and 
made up to a final volume of 5 ml; 2-ml aliquots are used for the 
estimation of ammonia by the Conway microdiffusion method. 


RESULTS 

Ammonia Liberation from Native and Modified Proteins— 
Previous findings offered suggestive evidence that the e- amino 
groups of protein-bound lysine could act in the transglutaminase 
system as a competing replacing amine, as shown in experiments 
in which no amine was added to the incubation mixture (3). 
Preliminary results indicate, however, that this cross-linking re- 
action cannot account for all the ammonia released in the absence 
of amine (4). In order to preclude the participation of free pro- 
tein amino groups in the enzymatic reaction, these groups were 
_ rendered unreactive by acetylation or by nitrous acid treatment. 

The extent of ammonia liberation, by the action of trans- 
glutaminase, from acetylated and deaminated insulins was com- 
pared to that from the unmodified protein (Fig. 1). Although 
87% of the amino groups had been acetylated and 95% removed 


Fic. 1. Ammonia release from modified and unmodified insulin 
as a function of pH. Each incubation mixture contained: sub- 
strate protein (15 mg), CaCl: (10 amoles), GSH (100 moles), Tris- 
maleate or Tris buffer of the appropriate pH (80 wmoles), trans- 
glutaminase (2000 units) in a total volume of 2 ml. Incubated 
at 37° for 1 hour. The reaction was stopped by the addition of 
0.2 ml of 50% trichloroacetic acid, and ammonia was determined 
on thesupernatant fluid. O——O, Insulin; -. acetyl insu- 
lin; XxX, deaminated insulin. 


by deamination,’ no significant difference in the extent of ammo- 
nia release is observed over a wide pH range. It has been pointed 
out previously (4) that the cross-linking reaction plays only a 
minor role in insulin, which contains only one lysine per molecule 
(6). The slight shift in the pH maximum of the reaction is 
probably due to the increased acidic nature of the modified pro- 
tein substrates. 
Similarly, pepsin and its acetylated derivative do not differ 
significantly from each other either in the quantity of ammonia 
produced or the amount of amine incorporated (Table I). How- 
ever, acetylation of B-lactoglobulin and casein leads to a decrease 
in ammonia yield when amine is omitted from the incubation me- 
dium; the amine incorporation data, on the other hand, seem to 
indicate that the acetylated proteins serve as better amine ac- 
ceptors. It would be tempting to interpret these changes, which 
have been consistently obtained in six separate experiments, u 
an indication of the abolishment of the competing cross-linking 
reaction; however, such an interpretation would undoubtedly be 
premature, not only because of the order of magnitude of the 
changes observed, but also because of the fact that the acylation 
may lead to modification of the proteins, making some amide 
groups more or less available for replacement or hydrolysis. 
Deamination of B- lactoglobulin or casein decreases their eff- 
ciency as substrates for both incorporation and hydrolysis 
Since the enzymatic reactions do not go to completion, and be 
cause of the complexity of the structure of the substrates, these 
data cannot be interpreted quantitatively at the present time. 


1 More than 98% of the lysine residues had been deaminated by 
nitrous acid treatment, as determined by the microbiological pro- 
cedure of Henderson and Snell (18). We are grateful to Mr. 
Paula Mela for the performance of these analyses. 
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I 
Comparison of various proteins and their modifications 
as substrates for transglutaminase 

In the presence of amine, each incubation mixture contained: 
substrate protein (15 mg), CaCl: (10 wmoles), GSH (100 wmoles), 
C'*-_histamine (8 smoles, 0.029 e per amole), Tris buffer pH 8 (80 
ymoles), transglutaminase (2000 units) at pH 8.0, in a total vol- 
ume of 2 ml. Incubated at 37° for 1 hour. The reaction was 
terminated by the addition of 0.2 ml of 50% trichloroacetic acid; 
the precipitated protein was washed and its radioactivity deter- 
mined. Ammonia was estimated on the supernatant fluid. 

In the absence of amine, the incubation conditions were those 
of Fig. 1, except that the pH was maintained at 7. 


M. J. Mycek and H. Waelsch 


Amine liberated liberated 
Protein substrate incorporated | (+ amine) | (— amine) 

pmoles/100 moles of amide groups 
B-Lactoglobulin................ 16 24 16 
Acetyl g- lactoglobulin 19 22 12 
Deaminated 8-lactoglobulin. ... 10 14 5 
! 17 23 15 
Acetyl insulin. 15 20 15 
Deaminated insulin 15 24 13 
c 11 12 8 
Acetyl pepsin 11 15 8 
Acetyl cas ein 15 23 21 
Deaminated casein............. 13 15 8 


The separated chains of insulin have also been tested as sub- 
strates for the deamidation. Although no lysine is present in the 
A chain, the presence of an amino group (N-terminal glycine) 
leaves open the possibility of a replacement occurring in the ab- 
sence of added amine. The amount of ammonia evolved from 
A chain was the same as that of its acetylated derivative. De- 
pending on the enzyme preparation, values of ammonia of up to 
1.9 wmoles per umole of A chain or acetylated A chain were 
obtained. Since these experiments were carried out in the ab- 
sence of added amine, they are consistent with a hydrolytic 
rather than a replacement mechanism. Previous work from this 
laboratory has demonstrated that two glutamine amide groups 
of A chain could be replaced by NI H, (4); it is assumed that 
hydroxylamine replaces the same two amide groups. It is there- 
fore suggested that both these residues are also susceptible to 
hydrolytic cleavage. 

It was found previously that with intact insulin as substrate in 
the transglutaminase reaction, only the subsequently isolated A 
chain contained either N'5H; or C"-amine. Since isolated A 
chain was found to be an excellent substrate, the low hydroxyl- 
amine incorporation that has been observed when isolated B 
chain was used as the substrate for the hydroxylamine reaction 
was interpreted to be the result of a contamination by A chain. 
When such a sample of B chain of known purity was used as a 
substrate under hydrolytic conditions, 0.7 to 0.9 umole of ammo- 
nia per umole of B chain was produced, possibly derived from the 
one glutamine residue of the B chain. A direct proof for such an 
assumption is still lacking. As a consequence of this finding, 
pure B chain was tested as substrate for Cid. amine incorporation 
and found to be an amine acceptor. 
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Source of Ammonia—lIf the amine incorporation and deamida- 
tion reactions occurred at different amide sites, then it might be 
expected that the ammonia liberation in the presence of amine 
would correspond to the amount of amine bound plus the quan- 
tity of ammonia released when amine is absent, all values ob- 
tained at the same pH. Data reported previously (Fig. 3 of 
reference (4)) indicated that these values are not additive at pH 
values at which both reactions take place and suggested that am- 
monia release and amine incorporation occur at the same sites 
on the substrate. 

From the studies of insulin as a substrate of transglutaminase, 
it has been concluded that two of the six amide groups can be 
substituted (4). In the absence of amine, ammonia liberation 
approaching 2 moles per mole of insulin has been observed. In 
order to test the hypothesis that amine incorporation and hy- 
drolysis occur at the same amide sites, the influence of the en- 
zymatic deamidation of insulin on subsequent incorporation of 
amine was determined (Table II). Insulin incubated with 

i under conditions of hydrolysis (pH 7) liberated 
1.1 mole of ammonia per mole of insulin. Direct determination 
of the total amide content of the precipitated protein showed a 
loss of 1.0 mole of amide per mole of insulin. These results are 
in agreement with the assumption that the amide groups are the 
source of the ammonia released by transglutaminase. 


Taste II 
Deamidation and its effect on amine incorporation 
into insulin and acetyl insulin 

Conditions for the enzymatic deamidation (first incubation): 
Zu- free insulin or acetyl insulin (100 mg); Ca** (70 moles); GSH 
(350 wmoles); Tris buffer pH 7.0 (600 uwmoles); transglutaminase, 
10,000 units (10.4 mg of protein). Total volume: 14.1 ml. The 
mixture was incubated for 1 hour at 37° and the reaction was 
stopped by the addition of 1.3 ml of 50% trichloroacetic acid. 
Before use in the subsequent incubation with amine, the precipi- 
tated protein was washed as described (2) and dried. Ammonia 
was determined on an aliquot of the supernatant fluid after neu- 
tralization (see Experimental Procedure). Amide nitrogen 
was determined on a dried sample of the precipitated washed pro- 
tein. The control contained no Ca“. 

Conditions for the incorporation of amine (second incubation). 
The precipitated washed proteins, both the deamidated and con- 
trol, from the first incubation (15 mg) were incubated with Ca** 
(10 wmoles); GSH (50 moles); CW. putreseine (in the case of in- 
sulin) (8 wmoles, 0.016 we per amole) or C"*-histamine (in the case 
of acetyl insulin) (8 wmoles, 0.029 we per wmole); Tris buffer pH 
8.5 (80 moles); transglutaminase, 2000 units (2 mg of protein) 
at 37° for 1 hour. The addition of 0.2 ml of 50% trichloroacetic 
acid stopped the reaction; the precipitated protein was washed 
and counted as described in the text. 


First incubation 
(pH 7) tion (pH 8) 
Protein substrate 
NH. Amide 
mole/mole mole/mole 
Insulin (control)............... 5.4 0.5 
Insulin (deamidated)........... 1.1 4.4 0.26 
Acetyl insulin (control). ....... 5.0 0.7 
Acetyl insulin (deamidated)...._ 1.5 3.7 0.4 


sub- 
Tris- 
— When the enzymatically deamidated and control proteins i 
on of 
mined 
insu- 
mmo- | 
vinted 
nly 
lecule 
ion is 
pro- 
differ 
How- 
rease 
yn me- 
pm to 
e ac 
which 
ts, u 
inking 
ly be 
of the | 
amide 
ir effi- 
lysis. | 
d be 
, these 
ime. 
ted by 
al pro- 
>» Mrs. 


3516 


were reincubated with transglutaminase and C"*-labeled putres- 
cine under the conditions of the replacement reaction (pH 8 in 
the presence of Ca++ and GSH for 1 hour), a 50% decrease in 
amine incorporation was observed with the deamidated protein 
as substrate. Similar results have been obtained in an analogous 
experiment in which acetyl insulin served as the substrate and 
C'-histamine as the replacement agent. The 50% decrease in 
amine incorporation would be in accord with the loss of one out 
of two amide groups because of the previous incubation of the 
insulin with transglutaminase. 

Since amine incorporation studies had localized the reactive 
amide groups in the A chain of the intact insulin molecule, it was 
of interest to determine whether the same held true for the hy- 
drolytic cleavage. The deamidated and control proteins were, 
therefore, oxidized, the A and B chains separated chromatog- 
raphically, and their respective amide contents determined 
(Table III). The A chain alone had lost one amide group, a 
result which may be considered additional evidence that in the 
intact insulin molecule only the two glutamine amide groups of 
the A chain are susceptible to enzymatic replacement or hydro- 
lytic cleavage. This is of interest in view of the fact that isolated 
B chain may serve as a substrate for transglutaminase. 

Coincidence of Enzymatic Catalysis of Hydrolysis and Replace- 
ment—The effect of various metal ions in activating amine in- 

TABLE III 
Localization of enzymatic deamidation in chains 
of insulin and acetyl insulin 
Amide groups 


Acetyl insulin (control)............. 
Acetyl insulin (deamidated)......... 


TABLE IV 


Comparison of hydrolysis to transfer activity 
during purification of transglutaminase 
The conditions for the measurement of hydrolytic activity 
were those for ammonia liberation in the absence of amine, to be 
found in the text, with an incubation time of 30 minutes. 
Assay conditions for the replacement reaction were those for 
hydroxylamine incorporation described in the text. 


Specific activity 
Purification steps 
Hydrolysis Transfer 
snitst 
Guinea pig liver homogenate.......... 85 64 
Guinea pig liver supernatant fluid..... 179 184 
pH 6.0 extract of pH 5 ppt............ 1077 1200 


* For the purpose of this comparison, hydrolytic activity of 
transglutaminase is defined as 1 mamole of ammonia evolved per 
100 mg of g- lactoglobulin per 15 minutes (specific activity = units 
per mg of enzyme protein). 

t See text. 
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corporation by transglutaminase has been described previously 
(2). Similar relative efficacies for the different cations were 
found for the enzymatic hydrolysis. In both reactions, Ca++ 
and Sr** served as potent activators, whereas Mn**, Mg++, 
Bat+, Cu“, Cot+, Fe“, Na“, and K“ showed little or no stimu- 
lation but did not inhibit; Hg*+ and Zn“ inhibited the enzymatic 
reaction even in the presence of Ca“. 

The activities of transglutaminase toward replacement and 
hydrolysis were followed up to a 20-fold purification of the en- 
zyme and found to be parallel (Table IV). This preliminary 
evidence indicates that transglutaminase catalyzes not only 
exchange but also cleavage of the reactive amide site. In this 
respect, it would resemble some of the purified proteinases which 
also can catalyze both reactions (14). 


DISCUSSION 


The data presented in this paper are in accord with the concept 
that the amide groups of protein-bound glutamine are replaced 
or hydrolyzed as a consequence of a nucleophilic attack by either 
a primary amine or water. The amine and water compete for 
the same site, the incorporation of amine being favored at high 
pH values because of the increased concentration of the un- 
ionized species of amine. An analogous pH dependence has 
been reported for transamidation and hydrolysis reactions cata- 
lyzed by proteolytic enzymes (14). It is interesting to note 
that in the reaction which is catalyzed by glutamotransferase and 
leads to the exchange of the amide ammonia of free glutamine 
with N!5H;, hydroxylamine, or hydrazine, the rate of the hydro- 
lytic reaction appears to be so slow as not to lead to a noticeable 
hydrolysis of the amide (15). 

Although most proteins contain glutamine residues, only some 
proteins are substrates of transglutaminase. The adjacent 
amino acid residues may determine whether or not the amide 
group of a particular glutamine will be acted upon. Another 
factor which may influence the reactivity of the amide groups is 
steric hindrance resulting from the manner in which the protein 
substrate may be folded. This latter consideration is indeed 
indicated by the findings with B chain of insulin which, although 
a substrate of transglutaminase in its isolated form, is not active 
so long as it is part of the insulin molecule. It cannot be decided 
on the basis of the present data whether or not the B chain as 
such will act as a substrate before oxidation of the sulfhydryl 
group to sulfonic acid. Studies on synthetic substrates will 
show to what extent a specific amino acid sequence around 8 
glutamine residue and the over-all configuration and charge dis- 
tribution of a peptide contribute to the substrate efficiency. 

The evidence presented is compatible with the assumption that 
the same glutamine residues in the protein are the active sites for 
transglutaminase-catalyzed replacement or hydrolysis. This 
does not exclude the possibility that some amide groups may be 
replaced preferentially and others more readily hydrolyzed. The 
data do not indicate whether and to what extent the modification 
of one glutamine residue by transglutaminase influences the re- 
activity of the others. 

The results presented here and previous reports on the action 
of transglutaminase would seem to require a reappraisal of the 
metabolic activity of protein amide groups which have hitherto 
generally been considered to be inert. Aside from the attractive 
possibility of binding pharmacologically active amines in vito, 
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the hydrolysis of the amide bond provides an additional source 
of tissue ammonia for utilization in metabolic processes. 

An attempt was made to determine whether transglutaminase 
could effect a transfer of amines between two substrates by in- 
cubation of acetyl-A chain from insulin, labeled enzymatically 
with C™-histamine, with acetyl-8-lactoglobulin. The radio- 
activity found in the acetyl- G - laetoglobulin could be accounted 
for entirely by the amount which had been hydrolyzed from the 
acetyl-A chain-histamine. Therefore, a significant transfer of 
histamine between protein amide groups seems unlikely under 
the particular conditions used. 

The action of transglutaminase in cleaving certain protein 
amide groups raises the question as to the existence of an enzyme 
system which would catalyze the reamidation of the liberated 
protein carboxyl in analogy to the rephosphorylation of enzy- 
matically dephosphorylated phosphoproteins (16, 17). 

The fact that transglutaminase can botlr hydrolyze protein 
amide groups and also modify their properties by incorporating 
amines provides a means for studying the importance of the 
amide functions in enzymes which can serve as substrates of 
transglutaminase (e.g. pepsin). 


Transglutaminase, an enzyme which catalyzes the replacement 
of some amide groups of protein-bound glutamine residues, can 
also catalyze their hydrolysis, as demonstrated by its action on 
substrate proteins as well as their chemically acetylated and 
deaminated modifications. 

The available evidence suggests that the same sites are in- 
volved in both the replacement and hydrolysis reactions, since 
enzymatic deamidation of insulin and acetyl insulin inhibits the 
capacity of the protein to serve as an amine acceptor in the incor- 
poration reaction. 

The transfer and hydrolytic activities are both activated by 


M. J. Mycek and H. Waelsch 
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the same cations. The ratio of the two enzyme activities re- 
mains constant during a 20-fold purification. 
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It is now recognized that cells in vivo are able to maintain 
intracellular concentrations of free amino acids higher than those 
of the circulating plasma (1). Extensive studies have been con- 
ducted on amino acid transport in the kidney (2) and the in- 
testine (3). Uptake by brain in vivo has also been studied (4-6). 
However, the exact mechanisms of amino acid entry into the 
cell and for maintenance of elevated intracellular concentrations 
remain obscure. 

Mechanistic studies are more feasible in isolated systems, par- 
ticularly those allowing observation of groups of like cells in 
uniform suspension. Both red blood cells (7) and ascites tumor 
suspensions (8, 9) have served in this regard, but the specialized 
nature of these systems makes widespread generalization ques- 
tionable. The tissue slice has served as a transport model (10), 
as has the excised diaphragm (11, 12). Reports have appeared 
recently concerning the uptake of the model amino acid a-amino- 
isobutyric acid into cells of isolated, intact diaphragm (13, 14). 

Inasmuch as knowledge of the mode of transport into mam- 
malian cells also requires precise studies on the uptake of nat- 
urally occurring metabolites, the present studies concerning the 
uptake of the amino acid tyrosine by rat diaphragm in vitro were 
undertaken. They show that a process of diffusion is responsible 
for tyrosine entrance into this tissue. Several lines of evidence 
indicate that, within the diaphragm, an amount of tyrosine com- 
parable to the fasting endogenous concentration is not in rapid 
diffusion equilibrium with the external medium. 


EXPERIMENTAL PROCEDURE 


Male Sprague-Dawley rats weighing between 130 and 150 g 
were used throughout. The animals were fasted for 18 hours 
before each experiment. They were decapitated and their dia- 
phragms removed by the “intact” diaphragm technique of Kip- 
nis and Cori (15), with retention intact of the insertions of the 
diaphragm to a circular section of body wall. The intact dia- 
phragms were rinsed in buffer at room temperature for a few 
seconds and drained before incubation. “Zero-time” dia- 
phragms were immediately dissected, rinsed, and homogenized 
as described below. The diaphragms were then placed in 30 ml 
of warmed buffer (5 parts of 0.154 m NaCl and 1 part of CO, 
saturated 0.154 m NaHCOs, pH 7.4 to 7.6) and incubated at 37° 
in a Dubnoff metabolic shaker (80 cycles per minute). The gas 
phase was 95% O: and 5% CO: In the release experiments, 
diaphragms were incubated first for 60 minutes in buffer con- 
taining tyrosine, then placed in 50 ml of tyrosine-free buffer, and 
removed to 50 ml of fresh buffer every 20 minutes. For investi- 
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gations of the effect of pH on tyrosine uptake, the bicarbonate 
component of the buffer was replaced by 0.1 M NasHPO, (pH 7.4) 
and the gas phase used was air. In most experiments tyrosine 
was dissolved in the buffer at a 1 mm (181 yg per ml) concentra. 
tion. 
After incubation, the diaphragms were cut at the inserts and 
the hemispheres dissected free of the thicker tissue connected to 
the spinal column. The hemispheres were rinsed for 10 seconds 
in buffer at room temperature, blotted on filter paper, and 
weighed on a torsion balance. They were homogenized with 15 
ml of 0.2 n HCl per g of tissue in a VirTis “45” homogenizer for 
1 minute. The homogenates were then deproteinized with 4 ml 
of 30% trichloroacetic acid per g of tissue. Clear extracts were 
obtained by preliminary filtration through glass wool followed by 
centrifugation. The incubation buffers were deproteinized with 
1 part of 30% trichloroacetic acid per 4 parts of buffer. 

Tyrosine was estimated by the spectrophotofluorometric 
method of Waalkes and Udenfriend (16) and tryptophan by the 
method of Duggan and Udenfriend (17). In the radioisotope 
measurements, samples were counted in a Packard TriCarb 
liquid scintillation counter with the anthracene-aqueous phase 
counting technique of Steinberg (18). Inulin was determined 
by the Roe method (19). L Tyrosine was purchased from Nw 
tritional Biochemical Corporation. p-Tyrosine was kindly pro- 
vided by Geigy Chemical Corporation. Both isomers were 
shown to be pure by chromatographic procedures; their optical 
purity was verified by treatment with snake venom L-amino acid 
oxidase. Uniformly labeled L-tyrosine was obtained from Nu- 
clear Instrument Company and its purity confirmed by paper 
chromatography. 

Intracellular concentration (C.) was calculated with the equs- 
tion: 

C. — C E 
1— E 


in which C. is the concentration per ml of tissue water, Cs is the 
concentration in the incubation medium, and E is the ratio a 
inulin space to total tissue water (15). “Intracellular uptake” 
refers to the increase in the intracellular concentration above 
the endogenous value. 


Ci = 


Characteristics of Diaphragm Preparation—Total water and 
inulin space measurements were performed in separate expert 
ments on diaphragms incubated for 90 minutes in saline-bicar- 
bonate buffer containing 1 mm L-tyrosine. These measurements 
were averaged, the E value calculated, and this E value used in 
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the calculation of the intracellular concentrations in the succeed- 
ing experiments. The total water content remained constant at 
78.4 + 0.5 (s.e.) ml per 100 g of wet tissue during the incubation. 
The inulin space reached approximately 9% of the wet weight 
of the tissue by 30 to 50 minutes but increased slowly (up to 
13% of the wet weight) over the rest of the incubation period. 
An average figure for the inulin space between 70 and 90 minutes 
was used in the calculation giving an inulin space of 11.7 + 1.7 
(s.e.) ml per 100 g of wet tissue. These spaces yield an E value 
of 0.15. 

The extent of tyrosine metabolism by the diaphragm in these 
experiments was investigated with radioactive L-tyrosine. After 
a 90-minute incubation, a recovery of 96% of the activity of a 
tracer amount (<1 ug per ml) of tyrosine was obtained in the 
protein-free tissue extract plus the buffer medium. The extracts 
were found by paper chromatography to have only one radio- 
active component, with an Rp value identical to that of authentic 


The diaphragm, as removed from the animal, contained 23 
yg of tyrosine per ml of intracellular water and maintained 
nearly this concentration during 90-minute incubations in tyro- 
sine-free buffer. However, when the intact diaphragm was 
incubated in tyrosine-free buffer, there was an increase in the tyro- 
sine content of the buffer, presumably due to proteolytic activ- 
ity. In other experiments, hemispheres incubated alone released 
55 ug of tyrosine per g of tissue into the medium in 90 minutes 
at 37°. In contrast, no tyrosine was released during 90-minute 
incubations of hemispheres at 0°. 

Uptake of Tyrosine—The uptake of tyrosine from buffer con- 
taining 1 mM 1-tyrosine (Fig. I) was found to reach equilibrium 
after about 50 minutes. The intracellular tyrosine concentration 
at equilibrium, including the endogenous amount, was approxi- 
mately equal to that of the buffer. 

When diaphragm was exposed to a similar concentration of 
p-tyrosine, the intracellular rate of uptake was considerably 
slower (Fig. 1). The uptake of p-tyrosine after 50 minutes was 
approximately one-half as great as the uptake of L-tyrosine, 
although equilibrium seemed to have been reached in the same 
time. In these studies, the volume of p-tyrosine distribution 
was constant at 50 to 60% of the intracellular water. 

Release of Tyrosine from Diaphragm—In order to obtain com- 
parable intracellular concentrations of tyrosine, intact dia- 
phragms were incubated in 1.25 mm D- or 1.0 mu L-tyrosine for 60 
minutes and then placed in tyrosine-free buffer (Fig. 2). The 
diaphragms released p-tyrosine about 30% more slowly than 
they did 1-tyrosine. The difference between the isomers, how- 
ever, was not as great as that seen in the uptake studies. The 
experiments with L-tyrosine showed that the diaphragm did not 
release its complete content of tyrosine, but retained approxi- 
mately 30 ug per ml of intracellular water even though periodic 
renewal of the medium kept the external concentration below 1 
ug per ml. The rates of release and the final equilibria were 
essentially the same when L-tyrosine was accumulated to a con- 
centration of 70 to 80 ug per g by the diaphragm in vivo and re- 
leased in vitro.! Other experiments have indicated that a fresh 
diaphragm preparation, incubated merely in tyrosine-free buffer 
at 37°, will maintain nearly its original tyrosine content (approxi- 
mately 23 ug per ml) for 90 minutes or more. It appears, then, 
that the tissue is able to hold an internal tyrosine concentration, 
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INTRACELLULAR UPTAKE (ug /n 


0 0 20 30 40 50 60 70 80 90 
MINUTES 

Fic. 1. Increase in intracellular distribution of o- or L-tyrosine 

in isolated rat diaphragm during incubation in saline-bicarbonate 

buffer containing 1 mm amino acid. Endogenous tyrosine (23 ug 

per ml) has been subtracted from intracellular values. Dia- 


phragms were incubated in 30 ml of buffer at 37° under 95% O; 
and 5% CO:. Each point represents the average of three dia- 


38 8 8 


MINUTES 

Fic. 2. Release of tyrosine, accumulated during ‘‘preincuba- 
tion’’ in vitro, by isolated rat diaphragm on incubation in tyrosine- 
free saline-bicarbonate buffer. Diaphragms were preincubated in 
saline-bicarbonate containing 1.25 mu D- or 1 ma L-tyrosine for 
60 minutes and then incubated in 50 ml of buffer at 37° under 95% 
Os and 5% CO:. The latter medium was changed every 20 min- 
utes. Each point represents the average of three diaphragms. 


approximately equal to the fasting endogenous concentration, 
in a form which is not in rapid diffusion equilibrium with the 
medium. Subsequent experiments confirm this conclusion. 

Uptake of Tyrosine as Function of External Concentration— 
The initial uptake of L-tyrosine from buffers containing increas- 
ing concentrations of tyrosine (Fig. 3) was linear with respect 
to concentration up to the limit of tyrosine solubility. Thus no 
evidence of a saturable mechanism was obtained. Reciprocal 
plots (Lineweaver-Burk) of these data extrapolate to the origin, 
indicating either an extremely large or an infinite V..... With 
external concentrations below 50 yg of tyrosine per ml, the results 
became unreliable because uptake by the tissue was quite low 
and proteolytic release of tyrosine raised the external concentra- 
tion. 

Volume of Tyrosine Distribution—The volume of distribution 
at equilibrium after exposure to various concentrations of 1 
tyrosine (Fig. 4) was constant at about 75 to 80% of the intra- 
cellular water if the endogenous tyrosine was subtracted in each 
calculation of the intracellular concentration (lower curve). If 
this endogenous amount was not subtracted (upper curve) the 
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INTRACELLULAR UPTAKE (ug/ml) 
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0 50 100 150 200 250 300 350 
MEDIUM CONCENTRATION (ug/ml ) 
Fic. 3. Intracellular uptake of 1-tyrosine by isolated rat dia- 
phragm as a function of external tyrosine concentration. Dia- 
phragms were incubated for 10 minutes in 30 ml of saline-bicar- 
bonate buffer at 37° under 95% O, and 5% CO:. Each point 
represents the average of three diaphragms. 


0 50 100 150 200 250 300 350 
MEDIUM CONCENTRATION (A/ 
Fic. 4. Distribution of L-tyrosine in isolated rat diaphragm as 

a function of external tyrosine concentration. A——A, total 

tyrosine distribution; @——@, distribution of accumulated tyro- 

sine (endogenous tyrosine subtracted from the total intracellular 

concentration). Diaphragms were incubated for 60 minutes in 30 

ml of saline-bicarbonate buffer at 37° under 95% O, and 5% COs. 


Each point represents the average of three diaphragms. 


volume of distribution was not constant and dropped from 130% 
of the tissue water at low concentrations to 80% at higher con- 
centrations. 

When the diaphragms were exposed to low concentrations of 
L-tyrosine-C™ (<1 ug per ml) in the external medium (Fig. 5) 
the intracellular uptake of radioactive tyrosine (curve) was the 
same with respect to the radioactivity of the buffer as was the 
intracellular uptake of 1 mm L-tyrosine (triangles) in comparable 
experiments. Not only did tracer levels of tyrosine reach equi- 
librium at the same time but they also yielded the same volumes 
of distribution as were obtained with 1 mm 1L-tyrosine (excluding 
endogenous). 

These experiments indicate, then, that external tyrosine, over 
a wide range of concentrations, will partition between tissue in- 
tracellular water and extracellular buffer in a ratio of about 0.8. 
Before this relationship can be observed, however, the fasting 
endogenous amount must be subtracted from the final total 
tyrosine of the tissue. 

Nonequilibration of Endogenous Tyrosine with External Tyro- 
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sine—Although equilibrium between external and internal radio. 
activity was achieved after 50 minutes of incubation, the specify 
activity of the external tyrosine even after 90 minutes was stjj 
more than 8 times greater than that of the tissue (Table J), 
The difference would have been even greater except for pm 
teolytic release of tyrosine which continually lowered the exterm 
specific activity. Thus, endogenous tyrosine was not in rapid 
equilibrium with added radioactive tyrosine. 

Effect of Temperature—A study of the initial uptake from | 
mm solutions of L-tyrosine at various temperatures (Fig. 6) ip. 
dicated that the process has a Qo of 1.4 between 27 and 37° 
The data appear to indicate a disproportionate enlargement of 
the Oio at low temperatures (15) but the extremely small uptake 
at 0° makes calculation of a temperature coefficient in that rang 
unreliable. Incubation at 50° led to slower uptake than into 
corresponding diaphragms at 40°, perhaps because of some noe. 
specific change in the cell membrane at this elevated temperatum 
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Fic. 5. Intracellular uptake of uniform ly labeled L-tyrosine-C 
by isolated rat diaphragm. „distribution of radioae- 
tivity. Diaphragms were incubated in 30 ml of saline-bicarbonate 
buffer containing <1 yg per ml of uniformly labeled 1-tyrosine - O. 
at 37° under 95% O, and 5% CO. Each point represents the 
average of two diaphragms. Included for comparison (A) ar 
the results, shown in Fig. 1, from another experiment of increasa 
in intracellular distribution of L-tyrosine at a concentration d 
181 wg per ml in the medium. The ratios shown on the ordinate 

apply also to the comparative — but must be considered u 


( / ml) / (ug / ml). 
TABLE I 
Intracellular uptake of uniformly labeled L-tyrosine-C™* 
by isolated rat diaphragm 


Diaphragms were incubated in 30 ml of saline-bicarbonate 
buffer containing < 1 ug per ml of uniformly labeled L-tyrosine 


Cie at 37° under 95% O; and 5% CO:. Each ratio represents th 
average of two diaphragms. 
Total activity Specific activity 
(e. p. m. * 
medium (c. p. m. tyrosiae 
min 
0 0 0 
10 0.35 0.012 
30 0.66 0.047 
50 0.76 0.062 
70 0.72 0.067 
90 0.84 0.117 
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In this regard, when boiled diaphragms were incubated under 
these conditions the uptake was even slower but still significant. 

Effect of pH, Ionic Composition, Exogeneous Substrate—Al- 
though the pH of the modified phosphate buffer was varied from 
5.8 to 8.3, no pH optimum for initial tyrosine uptake could be 
shown. It was observed that media ranging in pH from 7.0 to 
8.0 generally gave slightly lower values than those between 
6.0 and 7.0. There was, however, considerable overlap in these 
experiments and the significance of these slight differences is 
doubtful. 

Initial studies with complete Krebs-Ringer bicarbonate buffer 
and comparative experiments with the simple phosphate-saline 
medium indicated that the general characteristics of the uptake 
were the same regardless of the ionic composition employed. 
Although these experiments do not give a complete picture, they 
6 Mg**, and K“ 


The uptake of L-tyrosine from 1 ma solution in the presence 
of 10 mm glucose, 10 mu pyruvate, or 10 mu citrate showed no 
significant difference from the uptake in the absence of substrate. 

Competition—Uptake of 1-tyrosine by diaphragm was not sig- 
nificantly affected by the presence of 1- tryptophan. Concen- 
trations of tryptophan with molar ratios of tryptophan to tyro- 
sine of 25:1 did not alter the initial uptake of tyrosine. The 
release of tryptophan which had been previously accumulated 
by the diaphragm also had no effect on tyrosine uptake. 


DISCUSSION 

The metabolism of L-tyrosine in this system was investigated 
in order to assess correctly the factors contributing to the final 
distribution ratio. The total tyrosine of the system increases 
during incubation, making balance studies difficult. The extra 
tyrosine probably arises from proteolysis and the increase could 
be completely prevented by incubating the diaphragms at 0°. 
The essentially complete recovery of a tracer sample of tyrosine 
after 90 minutes of incubation, and its chromatographic identi- 
fication as pure tyrosine make it clear, however, that catabolism 
of tyrosine plays an insignificant role in these studies. The 
intracellular distributions observed, then, are essentially equilib- 
ria between uptake and release and not between uptake and 
metabolism. The tyrosine concentration (1 mm) and the volume 
of external medium used in most of these experiments was such 
that no appreciable changes in extracellular concentration were 
observed during any experiment except where tracer concentra- 
tions were used. 

The primary purpose of the studies presented here is to define, 
insofar as is possible, the mode of entrance of a natural amino 
acid into the muscle cells of the diaphragm. Two broad cate- 
gories of transport phenomena are recognized (20-22). The 
simplest type of transport, diffusion, involves only the forces of 
thermal agitation and allows no net movement against a con- 
centration gradient. The rate of diffusion depends upon the 
structure and composition of the barrier, the charge and the size 
of the penetrant, and the concentration gradient. Diffusion, 
as a purely physical process, does not involve chemical or en- 
tymatic mediation and should not be directly subject to in- 
fluences affecting such reactions. The second category, active 
transport, is best defined as transport against a gradient (20). 
It is thought to be enzymatically or carrier-mediated, has a 
temperature coefficient comparable to that found in most enzy- 
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Fic. 6. Effect of temperature on tyrosine uptake by isolated 
rat diaphragm. Diaphragms were incubated for 10 minutes in 30 
ml of saline-bicarbonate buffer containing 1 ms L-tyrosine under 
95% O: and 5% CO. Each point represents the average of three 


matic reactions, requires energy for its performance or mainte- 
nance, is subject to competitive inhibition, enzyme poisons, and 
saturation kinetics, and generally prevails in systems where 
diffusion does not play a major role. The process is structurally 
and sterically specific (21). In some cells the transport of 
selected compounds, although not concentrative, possesses many 
of the other properties associated with active transport phe- 
nomena. The general term facilitated diffusion has been used to 
describe such intermediate systems (22). 

The entry of tyrosine into cells of the isolated diaphragm ex- 
hibits primarily the characteristics of a diffusion process. Thus, 
the uptake is rapid and reversible, and appears to operate against 
“intracellular uptake” is proportional to the concentration gra- 
dient (excluding endogenous) and no saturation phenomena can 
be observed up to the limits described. Reciprocal plots indicate 
the infinite Ves of a physical process. The volume of distri- 
bution is constant at any external concentration if the endogenous 
tyrosine content is not included in the calculations of the intra- 
cellular concentrations. The temperature coefficient is lower 
than that found in enzymatic reactions and approximates that 
of a diffusion process. The uptake is insensitive to competitive 
inhibition by tryptophan, which has been shown to depress the 
uptake of tyrosine into brain in vivo (6). Wide changes in pH 
have no significant effect on uptake and changes in the ionic 
composition of the medium also do not alter characteristics of 
the entry. Exogenous substrates have no marked effect on the 
uptake or on the volume of distribution although this might be 
expected since diaphragm has been shown to possess ample endog- 
enous energy reserves (23). In summary, the entry of tyrosine 
into diaphragm cells, under these conditions, exhibits (a) no 
concentrative uptake, (b) a low temperature coefficient, (c) no 
saturation kinetics (and an infinite F,), (d) insensitivity to 
changes in pH or ionic composition of the external medium, and 
(e) no competitive inhibition. These characteristics indicate the 
lack of an active transport mechanism and strongly implicate a 
physical process as the mechanism of entry. A similar conclusion 
has been reached in previous work concerning the entry of tyro- 
sine into cells of liver in vitro (24). 

Several lines of evidence lead to the conclusion that the endog- 
enous tyrosine, or an amount approximately equivalent to it, 
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does not participate in rapid diffusion equilibrium and probably, 
therefore, exists in a different chemical, physical, or spatial pool 
than the tyrosine accumulated by the cell in response to a raised 
extracellular concentration. Concentrative uptake of tyro- 
sine appears to occur when low concentrations are present in the 
medium. However, when the endogenous tyrosine is subtracted 
from the observed total internal concentration final distribution 
ratios at all external concentrations are found to be the same. 
This is clearly shown when the uptake of a tracer level and a 1 
mu concentration of tyrosine are compared. Furthermore, the 
fact that specific activity equilibrium between external and 
internal tyrosine is not attained indicates that most of the inter- 
nal tyrosine does not mix with the radioactive tracer during the 
course of the experiment. The release of accumulated tyrosine 
proceeds rapidly but fails to remove an amount comparable to the 
endogenous complement even though constant renewal of the 
suspending medium produces a large gradient in favor of the 
tissue. Diaphragms suspended in buffer hold tenaciously to their 
endogenous tyrosine (or perhaps an amount equivalent to it if 
protein breakdown is proceeding) but release rapidly any excess 
accumulated in vivo or in vitro. 

The existence of a slowly equilibrating pool of intracellular 
amino acids has been inferred from observations on bacterial 
systems (25, 26). It must be pointed out, however, that pre- 
vious work in this laboratory has shown that tyrosine of rat 
brain in vivo does reach specific activity equilibrium with the 
plasma tyrosine within a few minutes after injection of labeled 
tyrosine (6). The reasons for the difference between these sys- 
tems may be revealed by studies now in progress on the mech- 
anism of the tyrosine segregation in diaphragm. 

The observation that D- and L- isomers of tyrosine enter and 
leave the cell at different rates is difficult to explain on the basis 
of a diffusion mechanism. Consideration of a stereoselective 
facilitated diffusion can be advanced but any enzymatic partic- 
ipation is unlikely on the basis of temperature coefficient meas- 
urements and kinetic studies. All that can be said at this time 
is that the barrier to tyrosine diffusion has steric properties 
favoring the passage of one isomer over that of the other. 

As in any investigation in vitro, the relationship of the findings 
to events in vivo should be studied. The data suggest the en- 
trance of tyrosine into the cell by a stereoselective diffusion 
process and the subsequent chemical or physical segregation of a 
limited amount of the amino acid into some distinct form less 
readily available for participation in the diffusion equilibrium. 
Knowledge of the mechanism of this segregation may help 
to 4 the long known ability of mammalian cells to main- 

tain high intracellular concentrations of apparently chemically 
SUMMARY 

The uptake of tyrosine in vitro by intact diaphragm preparation 
from fasted rats is characterized by (a) linearity with external 
concentration, (b) low temperature coefficient, (e) insensitivity to 
pH change, ionic composition of the medium, or competitive in- 
hibition, and (d) volume of distribution of 80% of the intracel- 
lular water. The uptake is rapid and reversible, and equilibrium 
of uptake and-release are essentially complete within 50 minutes. 


D-Tyrosine is taken up and released more slowly than the 
L-isomer. 

The data suggest entry of tyrosine into the cell by a stereose. 
lective diffusion process. Kinetic and isotopic data indicate that 
the endogenous tyrosine, or an amount approximately equivalent 
to it, is not in diffusion equilibrium with the external medium and 
does not equilibrate with tyrosine added in vitro during 90-min. 
ute incubations. 
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A striking aspect of peptide utilization by bacteria auxotrophic 
for amino acids is provided by those cases in which peptides 
promote growth to a greater extent than an equivalent amount 
of the free essential amino acid that they supply. Kihara and 
Snell (1) recognized three sets of circumstances that lead to this 
result. In Case 1 the free amino acid, but not its peptides, is 
partially destroyed by reactions competitive to protein synthesis. 
In Streptococcus faecalis, for example, tyrosine and its peptides 
are equally active in promoting growth under conditions in which 
tyrosine decarboxylase is inactive. However, when cultural 
conditions are changed to permit activity of this decarboxylase, 
tyrosine is partially destroyed by conversion to tyramine and 
becomes less active than tyrosine peptides in promoting growth 
(2). In Case 2 the assimilation of an essential free amino acid, 
but not that of its peptides, is inhibited by the presence of an 
antagonistic amino acid (3-11). For example, D-alanine pre- 
vents utilization of I- alanine but not of its peptides for growth 
of Lactobacillus casei (4). In Case 3 the absorption of a given 
essential amino acid may be less efficient than that of its peptides. 
Thus, a strain of Lactobacillus delbrueckii appeared unable to 
absorb histidine from dilute solutions with the same ease as 
histidine peptides (7); a mutant culture of the same organism 
absorbed both the free amino acid and its peptides with equal 
facility. In Cases 2 and 3 above, the differences between peptides 
and amino acids were attributed on indirect but experimental 
grounds to differences in properties of the systems responsible 
for their absorption into the cell; this explanation thus assumed 


both a mechanism for such absorption other than passive diffu- 


sion and the existence of separate mechanisms of absorption for 
free amino acids and for peptides. 

Subsequent to these experiments, experimental proof of the 
often postulated importance of permeability in bacterial nutri- 
tion has been provided by Rickenberg et al. (12, 13), and by 
Britten et al. (14) for amino acids and carbohydrates, and by 
Leach and Snell (15) for peptides. The latter study has been 
extended here, and has established that L. casei accumulates 
glycine and alanine from appropriate peptides that contain these 
amino acids at faster rates and by different pathways than it 
accumulates either free glycine or free alanine. In accordance 
with an earlier postulate based on growth data (4) these studies 
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Public Health Service. Presented in part before the Division of 
Biological Chemistry at the 136th meeting of the American Chemi- 
cal Society, Atlantic City, New Jersey, September, 1959. 
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also demonstrate that p-alanine inhibits the absorption of Lala- 
nine, but not that of Lalanine peptides, by L. casei. The study 
thus demonstrates that one site of competitive inhibition by 
structural analogues can be in the absorption of essential nutri- 
ents into the cell. 


EXPERIMENTAL PROCEDURE 

Radioactive Amino Acids and Peptides—Preparation of p-ala- 
nine-1-C"* has been described elsewhere (16). Uniformly labeled 
glycine-C* and t-alanine-C'* (Nuclear-Chicago Corporation) 
were used without further purification except as noted in the 
section on measurements. (Glycyl-C")-L-alanine, glyeyl-L-(ala- 
nine- C0, and L-alanyl-(glycine-C™) were synthesized from 1 to 
10 mmoles of the appropriate uniformly labeled amino acids and 
were isolated and shown to be pure compounds by the procedure 
illustrated below with Lalanyl-(glyeine- C10. N-Phthaloyl-.- 
alanine, prepared by the method of Sheehan et al. (17), was 
made to react with ethylchlorocarbonate to form the mixed an- 
hydride, V-phthaloyl-L-alanylethylearbonate. The latter was 
coupled with the sodium salt of glycine-C" (18) to give N-phthal- 
oy]-t-alanyl-(glycine-O"). Treatment with hydrazine (19) was 
used to remove the protecting N-phthaloyl group. The filtrate 
from this treatment was first lyophilized, then dissolved in a 
little 1 u acetic acid, and again filtered from residual insoluble 
phthalhydrazide. The filtrate was lyophilized, and the residue 
was washed first with ethanol and then with ether. The crude 
Lalanyl-(glyeine-CI0 was dissolved in 10 ml of water and placed 
on a 1.7- X 45-cm column of Dowex 50 (H*). The peptide was 
eluted with 0.5 n HCl prior to and well separated from glycine 
and lyophilized. Paper chromatography of the Lalanyl-(gly- 
eine- Ci) in four solvent systems gave in each case a single radio- 
active and ninhydrin-positive spot, which corresponded in posi- 
tion to a reference standard of authentic L-alanylglycine. After 
acid hydrolysis, glycine and alanine were the only ninhydrin-re- 
active zones present on chromatograms, and all of the radioac- 
tivity was in the glycine spot. Yields of the purified peptides 
Preparation of Cells Lactobacillus casei 7469 was grown in the 
medium described by Kihara and Snell (20), modified by omis- 
sion of the acid-hydrolyzed casein and the pyridoxal, by halving 
the concentration of glucose and sodium acetate, and by adding 


1 Hereafter the compounds labeled as described in this section 
will be designated simply as glycine-C", 
etc. In the figures, uniformly labeled glycine, alanine, and their 
derivatives are designated glycine-C;", alanine-C;"*, etc. 
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I 
Composition of the suspension medium for L. casei 


Components 


Salts solution (pH 7.0) 


8 — 883 


Absorption of Amino Acids and Peptides by Bacteria 


a complete mixture of amino acids. The latter was the mixture 
of Steele et al. (21) modified by reducing the concentration of 
p-alanine to one-half and of glycine to one-fourth that specified, 
and by adding additional amounts of several amino acids as 
follows (mg per liter): pi-serine, 400; pt-methionine, 250; and 
Lalanine, 900. After 15 to 17 hours growth at 37° the cells were 
harvested by centrifugation, then were resuspended in the salts 
solution presented in Table I. Cell weights specified throughout 
are dry weights, calculated from the absorbancy of an appro- 
priately diluted cell suspension by reference to a previously 
prepared calibration curve relating absorbancy to the dry weight 
of suspended cells. Freshly harvested cells were used for each 
experiment. 

Measurement of Accumulation of Ci. Labeled Compounds—The 
procedure given below was followed in all experiments except 
that reported in Table II. The suspension of cells (428 to 1560 
ug per ml of salts solution) was incubated with occasional shaking 
at 37° for 15 minutes. Glucose (0.1%, 5.5 mm) was then added, 
and after incubation for an additional 15 minutes, the radioac- 
tive substrate was added. The accumulation of label was de- 
termined by the membrane filter technique of Britten et al. 
(14) with the use of Millipore filters (Millipore. Filter Cor- 
poration, Watertown, Massachusetts). At desired times, cells 
were uniformly suspended by swirling the tubes, and 0.5-ml 
samples of the cell suspension were taken with a syringe fitted 
with an automatic stop and expelled onto the Millipore filter. 
The cells were washed with 0.5 ml of water from the syringe.* 
Determination of the radioactivity of these cells gave the total 
uptake. A duplicate 0.5-ml sample and the 0.5-ml syringe rinse 
were added to 1.0 ml of a 12% solution of trichloroacetic acid. 
After 15 minutes at 37°, the insoluble material was collected on 
a Millipore filter. Determination of the radioactivity of this 
sample gave the incorporation into protein, cell ,wall material, 
and other insoluble materials. Incorporation in these resting 
cells was low enough to make the difference between the uptake 
and incorporation meaningful. This difference is designated as 
accumulation or pool“ content. 

Radioactivity was determined by securing the Millipore filters 
to planchettes and counting with a Nuclear-Chicago D-47 Micro- 
mil counter. The efficiency was approximately 20%. In most 
cases, 2560 counts were measured for each sample (standard 
error of 2.0%) and corrected for background and absorption of 
radioactivity on the filter. This correction usually was between 


* No loss of C'-compounds by this procedure was detected; 
instead the total count was usually increased slightly by addition 
to the sample of cells otherwise left in the syringe. 
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25 and 75 counts per minute for both factors. The counting 
rate of the samples was 100 to 1000 counts per minute. Since 
only 214 to 780 ug of cells were present in the samples, no corree- 
tion for self-absorption was necessary. Replicate samples pre- 
pared and counted in this fashion agreed within 5 to 10%. 

With some samples of glycine-C™, but never with the peptides 
or with labeled alanine, there was a high blank absorption onto 
the Millipore filter. This could be reduced to values of approxi- 
mately 5% of the total uptake by filtering the glycine-C™ solu- 
tion through a Millipore filter before use. Radioautography 
indicated an impurity corresponding to the amount absorbed by 
the filters; this impurity did not move on chromatography in 
several solvent systems. 


RESULTS 
Properties of Accumulating Systems 

Requirement for Energy Source—By incubation of the cells in 
salts solution for 23 hours at 37° before addition of radioactive 
substrates, a complete dependence on an energy source (glucose) 
for uptake of glycine-C™ and of L-alanyl-(glycine-C") is shown 
(Table II). High levels of dinitrophenol completely inhibit the 
uptake of the substrates in these essentially anaerobic lactic acid 
bacteria. These results suggest that work must be done to trans- 
port and/or to hold the absorbed material in the cell. When 
the cells were tested after only a 30-minute preincubation period, 
the uptake of glycine-C" in the absence of glucose was 10 to 50% 
of that observed in its presence. Such uptake probably results 
from the presence of oxidizable substances in the cell that are 
depleted with time. As would be expected for an energy-requir- 
ing reaction, the accumulation did not occur in the complete 
system during a 2-hour incubation, period at 0°. 

The addition of chloramphenicol reduced incorporation to 
approximately 10% of the control, but did not reduce the extent 
of accumulation of glyeine- C from (glycyl-C")-.-alanine (Table 
III). Incorporation and accumulation are thus independent 
processes. 

Similar experiments showed that absorption of t-alanine, like 
that of glycine and its peptides, also was dependent upon added 
glucose. 

Effect of Concentration of Substrate—At low external concentra- 
tions, uptake of label by resting cells is proportional to concentra- 
tion of labeled substrate, but at higher concentrations the accu- 
mulating systems become saturated and uptake is independent 


II 

Requirements for uptake of glycine-C'* and t-alanyl-(glycine-C™) 

After a preincubation period of 24 hours at 37° without amino 
acids or glucose, glucose was added where indicated and ineuba- 
tion was continued for 30 minutes. The radioactive substrate 
was then added and samples were taken for analysis after 15 min- 
utes. The complete system contained per ml of salts-glucose 
solution, 95 mumoles of t-alanyl-(glycine-C"*) or 30 mumoles of 
glycine-C"*, and 1.2 mg of cells. Dinitrophenol (1 mg per ml) 
was added where indicated. 


components 
mmoles — 
Complete + dinitrophenol............ 0.00 0.00 
Complete — glucose.................. 0.00 0.00 
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Tast III 


Effect of chloramphenicol on accumulation and incorporation of 
glycine- Ci from (glycyl-C"*)-L-alanine by L. casei 


Amount of glycine-C'*/mg of cells“ 
Time of measurement Accumulated Incorporated 
No addition | Cploram- No nition | — 
min mysmoles mygmoles 
15 11.5 11.0 3.20 0.60 
60 11.4 10.4 10.2 1.80 
90 11.5 13.3 11.4 1.10 


+ System: 10 ml of salts-glucose solution, 1.8 wmoles of (glycyl- 
C"*)-L-alanine, and 10 mg of cells. Chloramphenicol (1 mg) was 
added where indicated. 


„ MOLES -c PER MG CELLS 


m MOLES SUBSTRATE PER ML 


Fic. 1. A. Effect of concentration of glycine-labeled substrates 
on uptake by L. casei. Variable amounts of substrates and cells 
were added to 1-ml aliquots of salts-glucose solution and incubated 
as indicated before samples were taken for analysis. Curve 1, 
0.90 mg of cells incubated for 30 minutes; Curve 2, 0.75 mg of cells 
incubated for 15 minutes; Curve 3, 0.80 mg of cells incubated for 
30 minutes. The values for glycine uptake (Curve 3) have been 
multiplied by 5. B. Effect of concentration of alanine-labeled 
substrates on uptake by L. casei. Conditions as in A. Curve I, 
1.0 mg of cells incubated for 30 minutes; Curve 2, 0.9 mg of cells 
incubated for 60 minutes. 


of substrate concentration (Fig. 1). The uptake systems for 
L-alanine and for peptides require substantially higher concentra- 
tions for saturation than does that for glycine. Similar curves 
obtained for accumulation showed that the same concentration 
of substrate gave both maximal uptake and maximal accumu- 
lation. From Fig. 1, saturating concentrations (mumoles per 
ml) of the labeled substrates appear to be approximately as fol- 
lows: glyeine-Cie, 36; t-alanine-C™, 180; (glycyl-C")-L-alanine 
and glycyl-t-(alanine-C"), 140; and t-alanyl-(glycine-C"), 140. 
A similar saturation curve was obtained in a separate experiment 
with p- alanine- Ci,; the saturating concentration was approxi- 
mately 150 mymoles per ml. These concentrations were un- 
changed when measurements of uptake were made at 5 rather 
than at 30 to 60 minutes. These or slightly higher concentra- 
tions of labeled substrates, as indicated with individual experi- 
ments, were used subsequently. 

Rates of Uptake, Accumulation, and Incorporation—A com- 
parison of the rates of uptake, accumulation, and incorporation 
of radioactivity from labeled glycine, alanine, and their peptides 
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is shown in Figs. 2 and 3. Accumulation from each substrate 
reaches near maximum within approximately 20 minutes, then 
slowly decreases; uptake and incorporation continue for longer 
periods, the latter reaching a plateau last. A substantially larger 
amount of glycine-C™ is accumulated from the peptides than 
from the free amino acid; accumulation of t-alanine-C™ from 
peptides and free amino acid is similar but substantially greater 
than that of glycine. Despite the general similarity in shape of 
the uptake curves, the rates of accumulation of C from the 
glycine-labeled peptides (Table IV) are 20 to 30 times the rate 
of accumulation from glycine-C™’. The initial rate of uptake of 
label from glycyl-t-(alanine-C"), similarly calculated, is about 
14 times the rate of uptake of free p- or t-alanine. The absolute 
values for these rates, like those reported for uptake of amino 
acids by yeast (22), are not constant in different experiments, 
but the ratios of these rates to one another remain fairly constant. 
The data of Fig. 3 demonstrate a more rapid incorporation of 
radioactivity from p- alanine into trichloroacetic acid-insoluble 
material than from the two sources of L-alanine. This is consist- 


＋ 

— 
Fic. 2. Comparative rates of uptake, accumulation, and in- 
corporation of glycine-C;"* from glycine-labeled substrates. 
There was present per ml of salts-glucose solution: in A, glycine- 
4. 36 mamoles with 0.90 mg of cells; in B, (glyeyl -C;"*)-t-alanine, 
180 mamoles with 0.90 mg cells; and in C, t-alanyl-(glycine-C;"), 


160 mymoles and 1.56 mg of cells. Curve 1, uptake; Curve 2, ac- 
cumulation; and Curve $, incorporation. Note the difference in 


ms MOLES GLYCNE-C'S PER MG CELLS 


scale of the ordinate of A from that of B and C. 
o-AL ANNE 


TE , warts 

Fie. 3. Rates of uptake, accumulation, 1 
alanine- Cie from glyeyl - i- (alanine- Ca), p-alanine- and L- 
alanine-C;"*. Incubation mixtures contained 10 mg of cells in 10 
ml of salts-glucose solution, together with the following additions: 
in A, 1.9 pmoles of glyeyl - I- (alanine- C.); in B, 2.88 smoles of 
p-alanine-C"; and in C, 2.91 smoles of t-alanine-C;". Curve 1, 
uptake; Curve 2, accumulation; Curve 9, incorporation. 
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Tasie IV 
Comparative rates of uptake, accumulation, and 
tncorporation of labeled substrates 
Substrate Uptake | Accumule 
mymoles 

Experiment 1 

(Glyeyl-CI)-L-alan ine 122 8.0 122 

L-Alanyl-(glyeine- 69 17.0 64 
Experiment 2 

u-Alanine-C™.................... 180 8.3 180 

p-Alanine-C™.................... 199 20.6 147 

Glycyl-u-(alanine-C™)............ 312 13.6 300 


* Measured as mumoles of glycine-C" or alanine-C™ per mg of 
cells perhour. Rates of uptake and accumulation were calculated 
from data obtained from the first 30 seconds to 2 minutes of the 
uptake curves of Figs. 2 and 3, in which the curves are nearly 
linear. Incorporation at these times was too small for meaning- 
ful estimation of the rate; these rates were calculated from the 
first 5 to 15 minutes of the curves of Figs. 2 and 3. 


ent with the known function of p-alanine in cell wall synthesis 
(16) and the observation that wall synthesis continues in cells 
under nongrowing conditions (23). Rates of uptake are nearly 
equal for D- and Lalanine, suggesting that they may be accumu- 
lated by the same system. 

Uptake in Presence and Absence of Vitamin Be—Several 
workers have postulated that vitamin B. is required for the 
transport of amino acids into cells. Christensen (24) reports 
that the accumulation of glycine by Ehrlich carcinoma cells was 
stimulated by pyridoxal, and Moldave (25) found that the utili- 
zation of radioactive phenylalanine was impaired in vitamin B. 
deficient rats. The cells used here were grown on vitamin B. free 
medium to permit study of this point and to minimize intercon- 
version of amino acids. When grown under these conditions, 
cells of L. casei contain only a very small fraction (0.05 ug per 
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Fic. 4. A. Comparative uptake and incorporation of glycine- 
Ci from (glycyl-C")-t-alanine in the presence () and absence 
(O) of pyridoxal. Conditions: 10.5 mg of cells and 1.8 wmoles of 
(glycyl-C™)-L-alanine in 10 ml of salts-glucose solution. Pyri- 
doxal (50 Ag) was added as indicated. B. Effect of vitamin B. on 
uptake and incorporation of L-alanine-C“. O, control cells; @, 
with vitamin B. Conditions: 8.0 mg of cells and 2.91 ymioles of 
L-alanine-C,;"* in 10 ml of salts-glucose solution. To avoid confu- 
sion, the calculated curves for accumulation (= uptake minus 
incorporation) have been omitted. 
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g) of their normal content of vitamin B. (26) and lack completely 
many enzymatic activities dependent upon pyridoxal phosphate, 
Addition of pyridoxal to suspensions of such cells failed to in. 
crease the rate of accumulation of glycine-C from labeled 
glycyl-t-alanine (Fig. 4A). However, the amount of incorpora- 
tion appeared to increase moderately in the presence of pyridoxal, 
In a second experiment, cells of L. casei were grown for several 
consecutive transfers in vitamin B. free medium. The seventh 
transfer was incubated for 17 hours in the growth medium, then 
divided into two portions. To one portion pyridoxal (1 yg per 
ml) was added, and incubation was continued for 1 hour to 
permit incorporation of pyridoxal by the growing cells. The 
cells were then harvested and their ability to accumulate L-ala- 
nine-C™ was compared. No effect of vitamin B. was observed 
(Fig. 4B). These results are similar to those of Holden (27), 
who reports that vitamin Be-deficient cells of Lactobacillus arabi- 
nosus absorb glutamic acid as rapidly as those grown with an 
excess of vitamin B., but not to the same extent. These results 
indicate that in these bacterial cells vitamin B., in all probability, 
does not participate in the accumulation process per se, but may 
be involved, directly or indirectly, in increasing the amount of 
amino acids retained by the cell. 

Nature of Extracted Pool Contents—The previous experiments 
have established that uptake and accumulation of radioactivity 
from a labeled peptide may occur at a faster rate and to a greater 
extent than from the free amino acid, and that this occurs by an 
energy-requiring reaction that is independent of reactions in- 
volved in incorporation of these compounds into insoluble ma- 
terials. The experiments described below were designed to 
determine the nature of the radioactive compound accumulated. 

Cells containing a labeled pool were prepared by incubation 
with (glycyl-C™)-L-alanine for 30 minutes. After centrifugation 
for 5 minutes in the cold, the radioactive medium was decanted 
from the sedimented cells. These were washed twice at 0° by 
resuspension in one-half of the original volume of salts-glucose 
medium followed by 5 minutes centrifugation in the cold and 
decantation of the supernatant solution.“ The cells were resus- 
pended in 2 ml of distilled water and were divided into two por- 
tions. The pool from one portion was extracted by boiling the 
suspension for 10 minutes followed by centrifugation to remove 
the cell debris; exposure of the cells to 0.2 N perchloric acid for 
5 minutes at 0° followed by neutralization with KOH and cen- 
trifugation in the cold gave the pool from the other portion of 
cells. Paper chromatography in two solvent systems (methanol- 
water, 95:5 and pyridine-water, 65:35) which effect complete 
separation of glycine from glycyl-t-alanine, followed by radio- 
autography, showed that alk the radioactivity of the extracted 
pool was present as free glycine; no trace of radioactive peptide 
or of other radioactive materials was found. 

Exchange Reactions—1. Glycine-C™: By resuspending washed, 
labeled cells in various media, the requirements for maintenance 
and exchange of the labeled pool were studied. The rate of los 
of glycine-C™ from the pool contents is minimal at 0° (Table V. 
Spontaneous loss of radioactivity occurs only after 10 minutes, 
and there is little or no “active’’ exchange, since the loss is equal 
in the presence and absence of added unlabeled substrates. At 
37° with no added source of energy there is a more rapid spon- 
taneous loss than at 0°; this loss is decreased by the addition of 
glucose, indicating that a source of energy assists in maintenance 

3 Data of Table V indicate that little loss in radioactivity from 
the pool is to be expected as a result of washing in this manner. 


— 


| 


| ? 

+20 

UPTAKE | ° | 5 

8 | P UPTAKE | 

to 2 

ORPORATION f 


iplete 


radio- 
acted 
ptide 
shed, 
rance 
f loss 


is 


December 1960 


Taste V 
Exchange of labeled pool derived from (glycyl-C'*)-t-alanine with 
glycine or glycyl -L · alanine 

Conditions were as follows: At 0°, 500 mumoles of unlabeled 
compound and 1 mg of cells containing 13.0 mumoles of pool de- 
rived from (glycyl-C**)-L-alanine were present per ml of salts solu- 
tion. At 37° in the absence of glucose, 100 mymoles of unlabeled 
compound and 0.6 mg of cells containing 10.7 mymoles of pool 
derived from (glycyl-C**)-L-alanine were present per ml of salts 
solution. At 37° in the presence of glucose, 100 mamoles of un- 
labeled compound and 0.428 mg of cells containing 6.99 mamoles 
of pool derived from (glycyl-C")-t-alanine were present per ml 
of salts-glucose solution. 


Loss of radioactivity from pool in presence of 

Temperature Time No — 

pir min % % 

0° 10 0 0 0 
30 40 30 30 
60 50 30 40 

37° 10 10 10 10 0 33 66 

30 45 59 59 25 66 100 

60 55 70 76 50 92 100 


— 


of the pool. Some displacement of radioactive pool contents 
(exchange) occurs in the absence of glucose on addition of the 
unlabeled substrates, perhaps made possible by a residual internal 
energy source. When glucose is present at 37°, addition of 
unlabeled substrates results in a rapid loss of radioactivity, un- 
doubtedly because of an exchange reaction. The time course of 
this exchange is shown in greater detail in Fig. 5. Although, as 
shown earlier, all the pool radioactivity was free glycine-C", 
the pool contents are displaced by glyeyl-L-alanine faster than 
by free glycine, a result consistent with the previous demonstra- 
tion that this peptide is absorbed at a much higher rate than free 
glycine. Both free glycine and glycyl-t-alanine displace between 
90 and 100% of the pool derived from (glycyl-C")-t-alanine. 
Thus the major part of the internal pool, like the extracted pool, 
must be either free glycine or a very labile, nonpeptidic complex 
of free glycine. 

2. t-Alanine-C™: Cells of L. casei (9.0 mg) were incubated for 
30 minutes in 10 ml of salts-glucose solution containing 1.8 amoles 
of glycyl-(t-alanine-C™). The harvested cells contained label in 
the extractable pool equivalent to 13 mumoles of alanine-C" per 
mg of cells. After centrifugation at 0-4“, the cells were resus- 
pended in 5 ml of salts-glucose solution containing 0.9 umole of 
unlabeled glycyl-t-alanine. After 1 minute at 37°, an aliquot of 
the cell suspension was filtered, and the filtrate was lyophilized 
and analyzed. Approximately one-half of the label had been 
displaced by incubation with the unlabeled peptide, and the 
only detectable radioactive zone present on paper chromatograms 
was due to free alanine-C“. Control experiments showed that 
displacement of the pool was greatly accelerated by addition of 
the glycyl-t-alanine, and also by addition of either Lalanine or 
D-alanine. 

Peptidase Activity of Extracts of L. casei—Experiments in the 
preceding two sections show that the extracted labeled pool 
derived from (glycyl-C™)-L-alanine was entirely free glycine-C"; 
similarly, the exchangeable labeled pool derived from glycy]-t- 
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cate rapid intracellular hydrolysis of the peptides. To check for 
presence of the necessary peptidases, cells of L. casei (1.1 g) 
were suspended in 50 ml of salts solution and treated for 45 
minutes in a Raytheon 10-kce magnetostriction apparatus. After 
centrifugation to remove cell debris, the peptidase activity was 
determined by the spectrophotometric procedure of Mitz and 
Schlueter (28). Peptides of Lalanine were hydrolyzed rapidly 
(Table VI); rates of hydrolysis for t-alanylglycine and t-leucy!- 
L-alanine fell in the same order as those found previously by 
another method (4). The rates of hydrolysis of t-alanylglycine 
and of glycyl-Lalanine are as great or greater than their rates of 
accumulation by intact cells (see Table IV). This result is con- 
sistent with the finding of only free glycine and free alanine in 
the pool resulting from exposure of the cells to labeled glyevl- I- 
alanine. The two findings indicate that the peptidases con- 
cerned function in the intact cell as well as in the extract. 


Relationship of Accumulation Systems and Pools 


Additivity of A lated Radioactivity f Labeled Gluci 
and Glycine Peptides—The evidence presented above demon- 
strates an energy-dependent system which accumulates radioac- 


Tasie VI 
Peptidase activity of L. casei extracts 
mymoles/mg cells/hr 
670 
630 
164 


Each cuvette contained 0.1 ml of L. casei extract (derived 
from 2.2 mg of cells), 10 umoles of substrate, and water to 3.0 ml. 
The decrease in optical density at 226 mu was determined, and this 
was related to concentration by the molar extinction coefficient 
of the peptides. The blank contained the free amino acids to 
cancel out their absorption (24). 
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Fic. 5. Rates of of the radioactive pool derived from 
(glycyl-C,"*)-t-alanine at 37° upon addition of unlabeled sub- 
strates in the presence of glucose. To obtain a labeled pool, 45 
ml of salts-glucose solution containing 8.1 amoles of (glycyl-C:"*)- 
L-alanine and 19.3 mg of cells were incubated for 20 minutes. The 
cells were sedimented by centrifugation at 4°, then resuspended 
in the same volume of salts-glucose solution containing, where 
indicated, 100 mamoles of unlabeled compound per ml. At the 
indicated time intervals, cells were taken for analysis of the pool 
content. 
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Tasie VII 
Additivity of accumulation of label from glycine -C and 
from 
System: 5.4 mg of cells and 0.216 umole of glycine-C" or 1.08 
umoles of (glycyl-C**)-.-alanine, singly or together as indicated, 
in 6.0 ml of salts-glucose solution. 


Glycine-C™ + 
Time Glycine - (Glycyl-C"*)-1- 
Calculated Found 
min c. p. m. c. p. m. c. p. m. c. p. m. 
15 28 153 181 182 
30 41 129 170 177 
60 95 116 211 228 
90 35 171 206 231 


* All measurements are given in counts per minute accumu- 
lated. 
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TIME IN MINUTES 
Fia. 6. Effect of unlabeled compounds on uptake and incor- 
poration of glycine-C" from (glycyl-C)-L-alanine. To 10 ml of 
salts-glucose solution containing 10 mg of cells and 1.8 wmoles of 
(glycyl-C"*)-L-alanine, the additions of unlabeled compound (1 


umole) were made as follows. Curve 1: O, no addition; @, average 
of results obtained in separate tests with added L- or p-alanine; 
and A, glycyl-p-alanine. Curve 2: O, I- alanylglyeine. 


tivity more rapidly and extensively from externally supplied 
glycine peptides than from free glycine, but it does not establish 
whether one or more than one such system exists. If independ- 
ent accumulating systems exist, one specific for glycine and 
another for peptide, the amounts accumulated when both sub- 
strates are present should equal the sum of the amounts accumu- 
lated when only one substrate is present. If only one accumu- 
lating system occurs, substantially smaller accumulation, 
intermediate between that found with each substrate alone, 
should occur. When both glycine-C" and (glycyl-C")-1-ala- 
nine were supplied, the total amount of radioactivity accumu- 
lated equaled the sum of the accumulations from the separate 
substrates (Table VII). The result is consistent only with the 
presence of two separate uptake systems. 

Effect of Unlabeled Substrates on Accumulation of Glycine-C™ 
from Glycyl- CM. I- A lanine—A sensitive approach to the relation- 
ships between various accumulating systems would be to deter- 
mine the effect of unlabeled compounds on the accumulation of 
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glycine-C™ from (glycyl-C")-L-alanine. Fig. 6 shows that Lala- 
nine, D-alanine, and glycyl-p-alanine have essentially no effect 
on the uptake or incorporation and, hence, accumulation of 
glycine-C" from (glycyl-C")-L-alanine. In similar experiments 

the rates of accumulation of label from (glycyl-C")-L-alanine in 
the presence and absence of unlabeled glycine were 83 and 79 
mumoles per mg of cells per hour, respectively. Thus, the 
accumulating system for glycyl-L-alanine is independent of that 
for Lalanine as it is for glycine (Table VII) and is optically 
specific. Unlabeled t-alanylglycine, however, reduces uptake 
and incorporation of label from (glycyl-C")-.L-alanine under these 
conditions (Fig. 6). In separate experiments this effect was 
noted even in the shortest time interval used (30 seconds). Thu 
the two peptides may be accumulated, at least in part, by the 
same system. 

In other experiments, addition of 0.1 mg per ml of a mixture 
of 17 different amino acids (21), not including glycine and p- or 
L-alanine, caused no decrease in the rate or total accumulation 
of radioactivity from (glycyl-C")-L-alanine. The accumulating 
system for the peptide thus appears independent of that for any 
of the free amino acids of the mixture. I- Prolyl-I-phenylala- 
nine and histidylhistidine, both utilizable for growth of L. case 
in the absence of their component essential amino acids, did not 
decrease accumulation of radioactivity from (glycyl-CI ) -Lala- 
nine. Thus, all utilizable peptides are not accumulated by the 
same system. 

Effect of Unlabeled Substrates on Accumulation of 1-Alanine-C“ 
from Glycyl--(Alanine- Ci) — Results of Table VIII show that 
accumulation of L-alanine-C™ from glycy]-L-(alanine-C™) also is 
unaffected by simultaneous addition of p-alanine, of L-alanine, or 
of glycine. They thus support the conclusions of the preceding 
section, derived from study of glycine-labeled peptide, that accu- 
mulation of the peptide occurs by a system different from those 
responsible for uptake of p-alanine, of L-alanine, and of glycine 
However, the incorporation of alanine-C" from the labeled pep- 
tide is inhibited significantly by addition of L-alanine (Column 3, 
Table VIII), a result which indicates, as expected from previous 
observations, that hydrolysis of the peptide occurs before incor- 
poration of its L-alanine into cellular material. 

Comparative Uptake of Glycyl- -A lanine as Measured by Accu- 
mulation of Labeled Glycine or of Labeled Alanine—Since a single 
uptake system is involved, accumulation of label from (glycyl- 
C10 .-Lalanine should equal that from glycyl-L-(alanine-Ci)) over 
the time interval when only this process is being measured. Re 


Taste VIII 
Effect of unlabeled amino acids on rate of accumulation 
and incorporation of L-alanine-C"* from 
glycyl- Z- (alanine- Ci) 

System: 8.24 mg of cells, 1.9 wmoles of glyeyl-L-(alanine- Ci), 
and 3.0 umoles of unlabeled compounds per 10 ml of salts-glucose 
solution. Rates were determined from the linear portion of the 
curves relating accumulation to time, usually during the first 5 
minutes. 


Addition Accumulation | Incorporatios 
mymoles/mg cails/ he 
Glyeyl- i- (alanine- CiC). 162 7.8 
Glyeyl-1-(alanine-C I) + t-alanine...... 165 5.6 
Glyeyl-I-(alanine- CI) + p-alanine...... 168 7.8 
Glycyl-u-(alanine-C") + glycine........ 154 7.7 
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sults of Fig. 7 show such an equal uptake rate during the first 

1- to 2-minute period; thereafter a marked difference in uptake 
of the two labels appears. It is apparent that the two moieties 
of the peptide behave independently in the cell, and that the 
amounts present in the pool vary because of different behavior 
of the intracellular amino acids. These results are consistent 
with initial absorption of the glyeyl-L-alanine by the same system 
followed by hydrolysis to the component amino acids with the 
intracellular glycine and alanine behaving differently. They are 
not consistent with presence of the intact peptide as a major 
source of internal radioactivity. 

If, as indicated by Fig. 6, t-alanylglycine competes with glycyl- 
Lalanine for entry into the cell via a single uptake system, un- 
labeled t-alanylglycine should affect equally the accumulation of 
glycine and of alanine from labeled glycyl-t-alanine. Table IX 
shows that this is true during the short time interval when 
uncomplicated absorption of the labeled peptide is measured 


PER MG OF CELLS 


OF ALANINE-c'} OR GLYCINE-c'$ 


Fic. 7. Rates of uptake of alanine-C;"* (Curve 1) and of glycine- 
C (Curve 2) from glycyl- L-alanine labeled as indicated. The 
extent of incorporation of label at 10 minutes is shown by the 
isolated points on the right ordinate: A, from glyeyl- (I- alanine- 
C;"); A, from (glycyl-C,"*)-t-alanine. The insert shows accumu- 
lation of label from glycyl- (L-alanine-C;") (Curve A) and (glycyl- 
C;"*)-L-alanine (Curve B) in separate experiments under the same 
conditions. Conditions: 8.5 mg of cells and 1.9 wmoles of labeled 
glycyl-L-alanine in 10 ml of salts-glucose solution. 


Tasie IX 
Inhibition of accumulation of glycine - Ci and E- alanine - from 
glycyl- Z- alanine by - alanylglycine 

Conditions: 8.5 mg of cells, 3 umoles of I- alanylglyeine, and 1.9 
umoles of either glycyl-(t-alanine-C™) or 
in 10 ml of salts-glucose solution. The accumulation under these 
same conditions without unlabeled substrate also was measured 
at each time interval. Per cent inhibition = 100 (1 — accumula- 


tion with inhibitor/accumulation without inhibitor). 


Inhibition by 1 of accumulation 
Time 
(Glycyl-C")-t-alanine | Glycyl-(t-alanine-C"*) 
min % % 
0.5 56 50 
1.0 52 54 
2.0 58 66 
5.0 32 61 
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TaBLe X 
Inhibition of uptake of t-alanine-C™ by p-alanine 
t-Alanine-C™* Glycyl-t-(alanine-C"*)* 
added Mole fraction Uptake, of Mole fraction Uptake, % of 
alanine ratet alanine rate: 
mpmoles/mi 
0 1.00 100 1.00 100 
100 0.74 72 0.66 102 
300 0.48 47 0.39 9¹ 
600 0.32 20 0.24 90 
1200 0.19 19 0.14 99 


* Incubation mixtures contained unlabeled p-alanine as indi- 
cated and either 1.46 moles of 1-alanine-C™ or 0.95 umole of 
glycyl-(u-alanine-C"*) in 5.0 ml of salts-glucose solution with 4.2 
and 5.0 mg of cells, respectively, in experiments with the free 
amino acid and the peptide. Measurements of uptake were made 
at 1, 5, and 10 minutes to establish uptake rates. 


Therefore, it appears that both glycyl-t-alanine and Lalanyl- 
glycine are accumulated by the same system. 

Inhibition of Accumulation of 1-Alanine-C™ by p-Alanine— 
When increasing amounts of unlabeled p-alanine are added to- 
gether with a constant amount of L-alanine-C™, there is a progres- 
sive decrease in the rate of accumulation of radioactivity (Table 
X). The rate of uptake of labeled Lalanine is proportional to 
the percentage of the total alanine comprised by this isomer. 
This result implies that both D- and Lalanine are accumulated 
by the same system, and that the accumulating system has equal 
affinities for the two isomers. The latter conclusion is supported 
by the equal uptake rates for the two isomers calculated from 
the data of Fig. 2. 

Table X also shows that concentrations of p-alanine which 
reduce the rate of uptake of free t-alanine to 19% of normal do 
not affect uptake of Lalanine- CW from glycyl-u-(alanine-C"). 


DISCUSSION 

The experiments described above establish the existence of 
three different uptake systems in L. caset, one specific for glycine, 
another with equal affinity for D- or Lalanine, and a third for 
glycyl-t-alanine or Lalanylglyeine. In each of the characteris- 
tics determined, these separate uptake systems conform to the 
defining properties of other selective transport systems (“perme- 

ases) reviewed by Cohen and Monod (29). Each system re- 
quires an energy source, posseses a high temperature coefficient, 
and is readily saturated. That for the peptide is stereospecific. 
At external concentrations of glyeyl-Lalanine which just satu- 
rate the uptake mechanism there is approximately a 50-fold 
internal concentration of glycine and of alanine over that supplied 
outside the cell as peptide. 

The finding of a constitutive and highly active peptide-accu- 
mulating system in L. casei suggests that uptake of peptides may 
be equally as important as that of free amino acids in the natural 
environment of this and other nutritionally demanding organ- 
isms. Such microorganisms in nature must supply their amino 
acid requirements from a mixture of materials ranging in com- 
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plexity from protein to free amino acids. Ability to derive these 
nutrients from peptides as well as from amino acids would have 
obvious survival value in such an environment. Although the 
expenditure of energy for the absorption and concentration of 
entering compounds via specific uptake systems may seem com- 
plex and wasteful at first sight, it provides both a means for 
ensuring survival when nutrients are low in concentration and 
of protecting the microorganism from excessively high internal 
concentrations when the external concentration of a nutrient is 
high. 

In most biological systems, only the L-isomer of an amino acid 
is required for growth. However, Snell et al. (30, 31) have 
established that in the absence of added vitamin B. both L- 
and p-alanine are required for growth of several lactic acid bac- 
teria, including L. casei. Previous work by Kihara and Snell 
(4) established that under these conditions p-alanine, though 
essential, inhibited growth. This inhibition was prevented effec- 
tively by L-alanine-containing peptides, but only to a limited 
extent by L-alanine itself. These investigators postulated that 
p-alanine inhibited the absorption of t-alanine, but not that of 
its peptides. The investigations reported here demonstrate con- 
clusively that p-alanine does interfere with the uptake of Lala- 
nine but has no effect on the uptake of L-alanine-containing 
peptides. The quantitative ratios found for inhibition of uptake 
do not agree with those found for growth inhibition (4), but such 
agreement would not be expected, since the complexity of the 
medium and other conditions are entirely different for the two 
measurements. The present results demonstrate that specific 
sites of transfer of external nutrients into the cell provide one 
point for competitive inhibition by structural analogues; indeed, 
for organisms with complex nutritional requirements, it is the 
first site at which competitive inhibition can occur. When, as 
in this instance, an excess of one amino acid inhibits uptake of 
another essential amino acid, the availability of a second means 
for obtaining the required amino acid, e.g. as peptide, by mecha- 
nisms that bypass operation of the inhibited system would be 
very useful to the microorganisms. 


SUMMARY 

When nongrowing cell suspensions of Lactobacillus casei were 
incubated under appropriate conditions with C-labeled glycine, 
alanine, or peptides of these amino acids, substantial uptake of 
the label occurred, to yield an intracellular concentration that 
greatly surpassed the external concentration. Both the rate and 
extent of uptake of labeled glycine were substantially higher 
from the peptides than from free glycine; smaller differences in 
the same direction were observed for labeled L-alanine and its 
peptides. Uptake of Lalanine or of glyeyl-Lalanine by vitamin 
Be-deficient cells was not increased by the addition of pyridoxal 
either to the resting cells or to growing cultures. A relatively 
small proportion of the total uptake of label from each substrate 
was incorporated into materials insoluble in cold trichloroacetic 
acid; the major portion could be extracted from the cell with hot 
water. Chromatography of this extract showed that free glycine 
was the only labeled compound present when (glycyl-C")-1- 
alanine had been supplied as substrate. Similar evidence showed 
that when glycyl-L-(alanine-Ci“) was supplied, free alanine was 
the only labeled compound accumulated in the exchangeable 
pool. Peptidases were demonstrated in cell extracts which split 
the peptides studied here as fast or faster than they were accumu- 
lated by the cells. 
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This accumulation of glycine and of Lalanine from the ine 
amino acids or their peptides is dependent on an energy sour 
such as glucose and is inhibited by 10 M dinitrophenol. Aggy. 
mulation is independent of incorporation into insoluble fraction 
of the cell, since the latter process can be largely prevented by 
chloramphenicol without affecting the former. The contents d 
the pool derived from (glycyl-C")-L-alanine may be exchange 
completely by adding either glycyl-L-alanine or glycine to th 
cell suspension; this exchange requires energy. The labeled poo} 
of alanine obtained by incubating cells with glyeyl- I- (alanine-· O 
is similarly exchangeable with free L- or p-alanine or with alanim 
peptides. Isotopic competition experiments demonstrated that 
the system responsible for accumulation of glycine from glycine 
peptides was independent of that operative with free glycine, 
with D- or L-alanine or any other free amino acid, or with peptides 
of distinctly different structure. Similarly, the uptake system 
for glycine was independent of that for alanine. Thus, thre 
entirely independent uptake systems exist for the labeled sub. 
strates studied here. 

The uptake system for alanine has approximately equal affine. 
ities for p-alanine and for t-alanine. The two isomers saturat 
the uptake system at similar concentrations, and p-alanine in 
hibits uptake of L- alanine in proportion to the mole fraction of 
the total alanine it comprises. In contrast, the presence of p 
alanine has no effect on the uptake of L-alanine from its peptide 
Since uptake of essential nutrients is prerequisite to their utilim- 
tion for growth, the results demonstrate clearly that one site o 
the competitive inhibition of growth by metabolite antagonist 
is in the uptake mechanism. 
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During a study of the biosynthesis of a, e-diaminopimelic acid, 
evidence was provided that a new compound, N-succinyl-t-a ,e- 
diaminopimelic acid, is an intermediate (1, 2). Part of the evi- 
dence for this suggestion was the finding of an enzyme which 
catalyzes the deacylation of N-succinyl-t-diaminopimelate. In 
addition, although present in the parental wild type, the enzyme 
was absent in the mutant (D-1) which accumulates N-succinyl- 
t-diaminopimelate. Since diaminopimelic acid has a unique 
distribution among natural materials (3), being limited almost 
exclusively to bacteria and blue-green algae, one might expect 
the deacylase to parallel this distribution. Such an observation, 
which would support the biosynthetic role of both the deacylase 
and its substrate, has indeed been made. The present communi- 
cation describes the partial purification, properties, and occur- 
rence of the deacylase. 

EXPERIMENTAL PROCEDURE 
Materials 

N-Succiny]-t-diaminopimelic acid was prepared from a culture 
of Escherichia coli mutant D-1 as described previously (2). N- 
Succinyl-t-aspartic acid, a-N-succinyl-e-N-carbobenzoxylysine, 
and pt-N-succinyl-meso-diaminopimelic acid were synthesized 
by the action of succinic anhydride on L-aspartic acid, carbo- 
benzoxy-Llysine, and meso-diaminopimelic acid, respectively, 
under conditions employed previously for the synthesis of 
N -succinyl-L-diaminopimelate (2). V-Acetyl-L- diaminopi- 
melic acid and a-N-acetyl-e-N-succinyl-L-diaminopimelic acid 
were synthesized in an analogous manner by the action of acetic 
anhydride on L-diaminopimelic acid and 
pimelic acid, respectively. a-N-Succinyl-e-keto-diaminopimelic 
acid was prepared from a culture of E. coli D-1 as described 
previously (4). a-N-Succinyl-e- N -dinitropheny] - L- diaminopi- 
melic acid was a gift of Dr. J. Edelman. a-N-acetyl-L-orni- 
thine was a gift of Dr. H. Vogel. 

Strains of Bacteria—Bacillus cereus (No. 48292) and Micro- 
coccus lysodeikticus were obtained from Dr. J. M. Coffey, New 
York State Department of Health, Albany, New York. Coryne- 
bacterium diptheriae P. W. 8 and Lactobacillus casei were provided 
by Dr. Lane Barksdale, Department of Microbiology, New York 
University School of Medicine. Streptococcus hemolyticus (group 
A) and S. hemolyticus (group B) were obtained from Dr. Harrison 
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Woods, Department of Microbiology, New York University 
School of Medicine. Rhodopseudomonas spheroides (strain 2, 4, 1) 
was obtained from Dr. W. R. Sistrom. Sonic extracts of Alcak. 
genes faecalis and Azotobacter vinelandii were kindly provided by 
Dr. M. Beljansky and Mr. M. Schneider of the Department of 
Biochemistry. 

Growth of Microorganisms—Lactobacilli were grown semi- 
anaerobically according to Briggs (5). C. diptheriae P. W. 8 was 
grown in the medium of Yoneda (6). B. cereus was grown in 
the medium of Pollock (7). M. lysodeikticus was grown accord- 
ing to Krampitz and Werkman (8). R. spheroides was grown as 
described by Cohen-Bazir et al. (9). All organisms were grown 
in 500 ml of medium, centrifuged, washed in Tris buffer 0.01 u, 
pH 7.3, and disrupted in a 9-kc. Raytheon sonic oscillator. 
Cells of M. lysodeikticus were lysed with lysozyme. 


Methods 


Assay of Enzyme Activity—The enzyme was diluted with 0.02 
m Tris buffer, pH 8.0. The reaction mixture contained Tris 
buffer, pH 8.0, 100 umoles; CoCl:, 0.5 umole; and N-succinyl- 
L-diaminopimelate, 8.3 umoles in 0.5 ml. The tubes were in- 
cubated for 15 minutes at 37°. At the beginning and at the end 
of the incubation, 0.13-ml aliquots were transferred to a tube 
containing 0.07 ml of concentrated HCl and 0.40 ml of a 5% 
solution of ninhydrin in methyl cellosolve (Carbide and Carbon 
Chemicals Company). The diaminopimelic acid formed was 
assayed as described previously (10). However, the contents 
of the tubes were boiled for only 5 minutes to take advantage 
of the large difference in rate of color development between di- 
aminopimelic acid and its succinyl derivative (2). The amount 
of t-diaminopimelic acid liberated is linearly dependent on en- 
zyme concentration (Fig. 1). One unit of enzyme is defined as 
that amount which liberates 1 umole of L-diaminopimelic acid 
per minute. Specific activity is expressed as units per mg of 
protein. Protein was determined spectrophotometrically accord- 
ing to the method of Warburg and Christian (11). 

Analogue Testing In the case of pi-N-succinyl-meso-diamino- 
pimelate, the same assay could be used as for N-succinyl-1-di- 
aminopimelate. However, for all other analogues the deacyla- 
tion was measured by an increase in free amino acid (12). It 
should be noted that the N-succinyl amino acids, in contrast to 
N-acetyl amino acids, give high blanks in the Stein-Moore assay. 

Enzyme Preparation As a source of the deacylase, M-26-26, 
a lysine auxotroph of E. coli strain W (13) was used. This 
organism was grown in a 200-liter fermenter in a casein hydroly- 
sate medium (14). After 24 hours of growth, the cells were 
harvested in a refrigerated Sharples centrifuge and washed twice 
with several volumes of 0.033 M phosphate buffer, pH 7. 


einy 


Fi 

ZVIU 

prep 
0.096 

(O 

ated 

Init 
Mn 

— 

f 

S 

penc 
up it 

min 

xg 

8 

ic 

to gi 

its v 

time 

cen 

8 

nats 
pH § 

prec 
buffe 
buffe 

in t 

3532 


0.02 


Tris 
ny 
e in- 
> end 
tube 
50 
rbon 
was 
tage 
n di- 
ount 


28 


SSTERS 


December 1960 


» MOLES DIAMINOPIMELIC ACID 
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0.10 0.15 0.20 


ENZYME (mi) 
Fic. 1. L-Diaminopimelic acid formation as a function of en- 
zyme concentration. Standard assay conditions. The ensyme 
parations used were a crude homogenate of specific activity 
0.096 (X——X) and the purified enzyme of specific activity 3.35 
(O—O). The abscissa gives umoles of diaminopimelate liber- 
ated per ml of reaction mixture. 


TaBLe I 
Purification of acid deacylase 
mg/ml = units/mg protein) wnits % 
Initial extract...... 20.8 0.096 1978 100 
MnCl, supernatant. . 8.2 ® 
Ammonium sulfate 
fraction 0. 0-0. 44. 4.14 3.35 1070 54 


* Assay not possible due to interference by residual MnCl. 


Step 1. Preparation of crude extract: The cells were sus- 
pended in 2 volumes of 0.02 u Tris buffer, pH 8.1, and broken 
up in 60-ml portions in a Raytheon 10-kc. sonic oscillator for 10 
minutes. Cell debris were removed by centrifugation at 10,000 
X g for 20 minutes. 

Step 2. Manganese chloride precipitation: The supernatant 
fluid from Step 1 was diluted with 0.02 m Tris buffer, pH 8.1, 
to give 20 mg of protein per ml. To this diluted solution, Ir of 
its volume of 1 M MnCl, was added dropwise with mechanical 
stirring. The stirring was continued for 30 minutes, after which 
time the voluminous precipitate that formed was removed by 
centrifugation at 10,000 x g for 20 minutes. 

Step 3. Ammonium sulfate fractionation: To the clear super- 
natant fluid from Step 2, ammonium sulfate saturated at 4°, 
pH 8, was added slowly until 44% saturation was reached. The 
stirring was continued for 30 minutes and the precipitate was 
separated by centrifugation at 10,000 x g for 20 minutes. The 
precipitate was dissolved in a minimal volume of 0.02 M Tris 
buffer, pH 8.1, and dialyzed against 20 volumes of the same 
buffer for 18 hours, with two changes. The sediment that formed 
in the bag during dialysis contained inactive material and was 
discarded. All steps were carried out at 0 to 4°. The dialyzed 
enzyme was stable for at least 6 months at —15°. Table I sum- 


Stoichiometry—The partially purified deacylase cleaves N-suc- 
cinyl-L-diaminopimelic acid to release equal amounts of L-di- 


colorimetrically (10) and by paper chromatography in the solvent 
system of Rhuland which is capable of distinguishing between 
L-diaminopimelic acid and its p- and meso-isomers (15). Only 
the L-isomer was detected. Succinate was determined spectro- 
photometrically with succinoxidase and cytochrome c. 

Effect of pH on Reaction Rate—As shown in Fig. 2, the enzyme 
was active between pH 6 to 9, with optimum at pH 8. 

Cofactor Requirements—Since the enzyme was less active in 
imidazole buffer than in Tris buffer and was inhibited by ethyl- 
enediaminetetraacetate, a metal requirement was suspected. 
Preliminary experiments showed that cobalt was most active 
as a cofactor, whereas other divalent ions were also stimulatory, 
but to a lesser degree. In order to evaluate the relative activity, 
all reagents were freed from heavy metals by precipitation with 
HS followed by vigorous aeration. The divalent ion content of 
the enzyme solution was reduced by passing it through a Dowex 
50 column in the K“ form. The results can be seen from Table 
II; Mn, Zn, Fe, and Ni, although less active than Co, have ap- 

Kinetic Properties—The following Michaelis constants were 
found by means of Lineweaver-Burk plots: (N-succinyl-1-di- 
aminopimelate) = 1.3 & 10-* and (Co**) = 1.5 x 10-5 at 37° 
and pH 8.1. 
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Fie. 2. Enzyme activity as a function of pH. Standard assay 


conditions. Purified enzyme. Specific activity 3.35. x—X, 
phosphate buffer; O——O, Tris buffer. pH measured at the end 
of reaction with a glass electrode. 
TaB.e II 
Effectiveness of metals as cofactors for N-succinyl-1-diamino- 
pimelic acid deacylase 


Standard assay conditions. Purified enzyme, specific activity 
3.35. All metals tested at a concentration of 1 umole in 0.5 ml 
of reaction mixture. 


Metal Activity 
% of CO** 

Co** 100 
Mn“ 30 
Zn“ 26 
Fe 22 
Ni** 13 

3 
Al“ 3 
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Substrate Specificity—Some substances structurally related to 
N-succinyl-L-diaminopimelate were prepared and tested as pos- 
sible substrates for the deacylase. The following analogues were 
not attacked by the enzyme: N -acetyl-.-diaminopimelate, 
a-N-acetyl-e-N-succinyl-diaminopimelate, a-N-succiny]-e-keto 
aminopimelate, 
late, carbobenzoxysuccinyl-t-lysine, and N-succiny]l-L-aspartic 
acid, whereas pt-N-succinyl-meso-diaminopimelate was cleaved 
at a fifth of the rate of the compound. When this reaction was 
allowed to proceed to completion, 50% of the diaminopimelate 
was released. Presumably only the isomer in which the succin- 
ate is attached to L-amino acid end of the diaminopimelate is 


microorganisms 
and some animal tissues were prepared and tested for deacylase 
activity. The enzyme had been purified from a source (E. coli, 
M-26-26) deliberately chosen for its lack of diaminopimelate 
decarboxylase. However, one would expect the decarboxylase 
and diaminopimelate racemase (16) to be present in many of 
the extracts examined. In order to avoid the possible loss of 
liberated diaminopimelate through the combined action of these 
two enzymes, the assay was carried out in the presence of 0.04 
m hydroxylamine. The decarboxylase has been shown to be, 
and the racemase presumably is, pyridoxal-dependent. There- 
fore, this precaution should eliminate the activity of these two 
enzymes. 

Microorganisms, such as C. diptheriae and B. cereus, that con- 
tain diaminopimelic acid in their cell walls were found to possess 
the deacylase. M. lysodeikticus is an example of an organism 
that does not contain diaminopimelic acid as a cell wall consti- 
tuent. However, it can synthesize its lysine and it does contain 
the deacylase. L. casei and the streptococci do not contain di- 
aminopimelic acid nor can they synthesize lysine. No deacylase 
could be detected in these organisms (Table III). 

Nonidentity with N-Acetyl-Ornithinase—V ogel and Bonner have 
described the occurrence of an enzyme in E. coli which cleaves 
the peptidic bond of N-a-acetyl-ornithine (17). This enzyme 


TABLE III 
Distribution of N-succinyl-t-diaminopimelic acid deacylase 
Standard assay conditions. Enzyme extracts prepared as de- 
scribed in Materials.“ 


activity wall" | 

Escherichia coli (wild type) ATCC 

0.0906 | +++ 
Azotobacter vinelandii................. 0.074 
Alcaligenes faecalis................... 0.035 
Corynebacterium diphtheriae P. W. 8. 0.063 | +++ 
0.028 | +++ 
Rhodopseudomonas 0.037 
Micrococcus lysodeikticus............ 0.059 — +++ 
Lactobacillus casei.................... 210 +++ 
Streptococcus group A 10 +++ 
Streptococcus group B 210 
ces <10°* 
<10°* 


* From reference (19). 
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also required Co** as an activator. The similarity in the nature 
of the bond being cleaved and the metal activator raised the 
possibility that N-succinyl-L-diaminopimelate and N-a-acetyl. 
ornithine deacylation might be carried out by the same enzyme, 
However, although extracts prepared from the E. coli mutant 
D-1 (N-succinyl-t-diaminopimelate accumulator) cannot cleaye 
N-suceinyl-L-diaminopimelate, they contain N -a-acety] -orni- 
thinase activity. Further, extracts prepared from the wild type 
which initially possess both activities, upon aging, lose the more 
sensitive a-N-acetyl-ornithinase, but retain the ability to hy- 
drolyze V-suceinyl-L-diaminopimelate. Clearly the two en- 
zymes are distinct entities. 


The presence of N-succinyl-t-diaminopimelate deacylase in 
extracts of wild type E. coli and mutant M-26-26, both of which 
are capable of diaminopimelate synthesis, and the absence of 
this enzyme in the mutant D-1, which requires diaminopimelic 
acid and accumulates N- suceinyl - L- diaminopimelate, provide 
evidence that removal of the suceinyl group is the last step in 
diaminopimelate synthesis in E. coli. Further, the distribution 
studies which indicate that the deacylase is present in bacteria 
which synthesize their own lysine or contain diaminopimelate 
in their cell walls, support the biosynthetic role of the deacylase 
and provide some assurance that the biosynthetic pathway is 
similar in various microorganisms. 
pimelic acid synthesis suggest identical functions for the acetyl 
and succinyl groups as blocking agents to prevent cyclization 
before addition of the second amino group. This similarity is 
carried to the point that in both instances Co** is the most ei- 
fective cofactor for the deacylases. However, Vogel and Bonner 
(17) have reported that Co** is a specific activator for N-acetyl- 
ornithinase, whereas for N-succinyl-t-diaminopimelate deacylase, 
although Co** is most active, some other metals have appreciable 
activity. Nevertheless, the N-acetyl-ornithinase was only 50% 
resolved with respect to metal requirement. In such a situation, 
although the addition of Mn“! would lead to stimulation in the 
case of a fully resolved enzyme, it might lead to inhibition by 
displacement of Co+* from the unresolved enzyme, the resulting 
loss in activity not being overcome by the Mn** activation of 
the resolved portion of the enzyme. 

The bond cleaved by the deacylase is a peptidic one, and it 
is interesting to note that many peptidases have been reported 
to have metal cofactor requirements. It is of particular interest 
that Smith found Co*+ to be the most effective activator of 


glycyl glycinase (18). 
SUMMARY 


1. N-Succinyl-L-diaminopimelate deacylase catalyzes the hy- 
drolysis of N-succinyl-t-diaminopimelate to L-diaminopimelate 
and succinate. This deacylase is present in a number of micro- 
organisms which are capable of diaminopimelate synthesis. 

2. The enzyme from Escherichia coli mutant M-26-26 has been 
partially purified. It has a pH optimum of 8, and Michaelis con- 
stants of 1.3 X 10-* and 1.5 X 10-5 for N-succinyl-L-diamino- 
pimelate and Co“, respectively. 

3. The enzyme has a metal cofactor requirement. Cobalt 
was found to be the most effective activator, but other divalent 
metals are also active, although to a lesser degree. 
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Nicotinic Acid as a Metabolite of Nicotine in 
Nicotiana rustica* 


Gait D. Grirrita,t THomas Gnirrrrn, AND Ricuarp U. Byerrum 


From the Kedzie Chemical Laboratory, Michigan State University, East Lansing, Michigan 
(Received for publication, August 10, 1960) 


The metabolic role of nicotine and other alkaloids in plants is 
an unsolved aspect of plant biochemistry. The metabolism of 
nicotine has been studied in animals and microorganisms, but 
has remained largely unexplored in higher plants. It has been 
demonstrated, however, that nicotine is not an inert constituent 
in tobacco plants, but can be converted to other plant materials 
(1, 2). 

In the present study, nicotine- Cie was administered to intact 
tobacco plants, and nicotine and nicotinic acid were isolated 
from the plants at intervals of 4, 7, and 14 days. The nicotinic 
acid contained a significant quantity of Ci, demonstrating the 
conversion of nicotine to this metabolically important compound. 


EXPERIMENTAL PROCEDURE 


Radioactive nicotine was obtained from tobacco plants fed 
sodium acetate-2-C™ or sodium propionate-2-C™ (4, 5). The 
nicotine was isolated as the dipicrate which had a specific activity 
of 2.7 Xx 10* c.p.m. per mmole after feeding acetate-2-C™, and 
1.5 X 105% e. p. m. per mmole after giving propionate-2-C". Nie- 
otine prepared in this manner had 50% of its radioactive carbon 
in the pyridine ring and carbon 2 of the pyrrolidine ring (4, 5). 
The nicotine dipicrate was dissolved in an alkaline solution, and 
nicotine was distilled into dilute hydrochloric acid. Water and 
excess HCl were removed from the distillate. The hydrochloride 
was taken up in water to obtain a solution containing approxi- 
mately 2 mg of nicotine per ml and was neutralized with NaOH. 
A quantity of 1 ml of this solution was fed to each plant by a 
method described previously (3). With the use of this procedure, 
the solution containing the radioactive nicotine was taken up by 
the roots in from 3 to 5 hours, a period in which it was assumed 
that action of microorganisms on the nicotine would be negligible. 
The plants were then allowed to grow in an inorganic nutrient 
solution (6) for 4, 7, or 14 days. The nicotine from plants fed 
acetate-2-C™ was used in Experiment 1 and that from plants fed 
propionate-2-C“ in Experiment 2. Nicotiana rustica, var. 
humilis was used in all experiments. 

Isolation of Nicotinic Acid Hydrochloride—In a preliminary 
experiment, it was determined by paper chromatography that a 
small amount of radioactive nicotinic acid was present in extracts 
of tobacco plants that had been given nicotine- Ci At least 
seven other compounds exhibiting positive Konig reactions (7) 

* The material presented here was taken in part from a thesis 
by Gail D. Griffith submitted in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy in Chemistry at 
Michigan State University. 

t Predoctoral Fellow under the auspices of the National Insti- 
tutes of Health. 


were detectable on the chromatograms, one of which was nico- 
tine. 
Since the amount of nicotinic acid present was very small, a 
weighed amount of carrier nicotinic acid was added to each plant 
extract. In a typical experiment, three plants that had been fed 
nicotine- CM were homogenized in 80% ethanol containing 10 mg 
of carrier nicotinic acid. The homogenate was heated on 3 
steam bath for 10 minutes and filtered. The insoluble residue 
was washed with 80% ethanol and discarded. Most of the 
ethanol was removed from the filtrate under reduced pressure. 
The dark green precipitate of water-insoluble material was re. 
moved by centrifugation. The yellow supernatant solution was 
adjusted to pH 3.3 with hydrochloric acid and extracted for 48 
hours with diethyl ether. Under these conditions nicotinic acid 
was soluble in diethyl ether. The aqueous solution was retained 
for isolation of nicotine. 

Ether was removed from the extract, and the dry residue was 
taken up in acetone. The acetone solution was saturated with 
hydrochloric acid gas to precipitate nicotinic acid hydrochloride. 
The hydrochloride was dried, sublimed at 110-120 at 1 mm Hg, 
and its radioactivity was determined. The yield was 7.0 mg of 
nicotinic acid hydrochloride. An elemental analysis of the 
product corresponded with the calculated values for authentic 
nicotinic acid hydrochloride. 

Determination q) Endogenous Nicotinic Acid The amount of 
free nicotinic acid present in the plants was determined by the 
isotope dilution technique. 

Radioactive nicotinic acid hydrochloride for this experiment 
was obtained by oxidation of nicotine-C with neutral perman- 
ganate (8) and conversion of the acid to the hydrochloride. Two 
groups of three plants each were fed 1 ml of a solution containing 
2 mg of nonradioactive nicotine. The plants were harvested 
after 4 days and homogenized in 80% ethanol solution containing 
10 mg of radioactive nicotinic acid hydrochloride. Diluted nic- 
otinic acid hydrochloride was isolated from the plants and its 
radioactivity determined after complete combustion to CO, 
Samples of the original nicotinic acid hydrochloride were also 
submitted to combustion and counted as BaCO;. Calculations 
based on the difference in radioactivity between the original and 
diluted nicotinic acid showed that the average concentration of 
nicotinic acid in the plants was 30 ug per g wet weight of plant 
material. 

Isolation of Nicotine—The aqueous solution, after extraction 
of nicotinic acid, was adjusted to pH 11.0 with NaOH and the 
nicotine extracted with diethyl ether for 24 hours in a liquid- 
liquid extractor. Ether was removed, and the nicotine was 
distilled from an alkaline aqueous solution into dilute hydro- 
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chlorie acid, isolated as the dipicrate, and recrystallized from hot 

water (6). The yield in a typical experiment was 44 mg, m. p. 
26-227 (uncorrected). 

Control Experimente—Control experiments in which nicotine 
and nicotinic acid were added to plant homogenates and then 
immediately isolated were performed as follows. Two plants in 
both experiments were allowed to grow in inorganic nutrient 
solution for 6 days. The plants were then homogenized in an 
90°% ethanol solution to which carrier nicotinic acid and 2 ml of 
the previously used nicotine-C" solution had been added. Nie- 
otinic acid hydrochloride and nicotine dipicrate were isolated 
from these plants as described above. 

The presence of gram-negative bacilli was noted in the sedi- 
ment of nutrient solution in which the plants had been growing. 
In order to determine whether these bacteria could effect the 
conversion of nicotine to nicotinic acid, the roots from three 
plants were placed in nutrient solution containing 2 ml of nico- 
tine -C solution. The mixture was shaken for 1 hour, after 
metabolism of nicotine by the root tissue itself; the solution was 
allowed to stand at room temperature for 24 hours. A quantity 
of 10 mg of nonradioactive nicotinic acid were added as carrier 
and subsequently isolated. 

All radioactivity measurements were made on a Tracerlab 
proportional flow counter and a Nuclear-Chicago model 192X 
scaler. Counts were corrected for self-absorption. 


RESULTS AND DISCUSSION 

The results of experiments in which nicotine was isolated from 
plants fed nicotine-C™ for various periods of time are presented 
in Table I. The experiment at zero time, which represents an 
immediate isolation of radioactive nicotine after its addition to 
plants, presents an appraisal of the dilution of added radioactive 
nicotine by endogenous nicotine. The dilution was 1.4 in Ex- 
periment 1, and 3.0 in Experiment 2, indicating that the added 
nicotine in both experiments was a significant portion of the 
total nicotine in the plant. 

The data in Table I show that there is some decrease in the 
specific activity during the first 4 days after feeding radioactive 
nicotine, but not much change after that. The decrease 
probably results from two influences, the dilution of nicotine 
already present by newly synthesized nicotine, and the metab- 
olism of nicotine by the plant. A calculation of total recovery of 
Cu in nicotine allows an assessment of metabolism of nicotine. 


Taste I 
Radioactivity of nicotine dipicrate isolated from tobacco plants 
Nicotine dipicrate specific of administered C'* 
metabolism 
Experiment 1 Experiment 2 | Experiment 1 | Experiment 2 
days e. x 10-4 % 

0 a 0.58 100 108 

4 1.6 0.46 70 72 

7 1.3 0.34 72 67 

14 1.3 0.41 78 75 


* Calculated by dividing the total radioactivity of the isolated 
nicotine dipicrate plus that of the residual nutrient solution (12% 
in 4 days, 7% in 7 days, 0% in 14 days) by the total radioactivity 
fed and multiplying by 100. 


G. D. Griffith, T. Griffith, and R. U. Byerrum 


Taste II 


Radioactivity of nicotinic acid hydrochloride 
isolated from tobacco plants 


18 
88 
74 


These calculations also are presented in Table I and show that 
during the first 4 days of metabolism about 30% of the nicotine 
is lost, presumably through metabolic processes, but subsequently 
little loss occurs up to 14 days. 

It has been suggested that nicotine is degraded in tobacco roots 
and remains i inert after translocation to the upper 
parts of the plant (10). Leete (2) has fed nicotine-2,5-C™ to 
Nicotiana tabacum for periods up to 7 weeks and was able to 
recover in isolated nicotine only approximately 5 to 8% of the 
radioactivity fed. It was also ascertained that there was no 
randomization of radioactive carbon from the 2- and 5-positions 
to other positions in the nicotine molecule. The large difference 
in recovery of isotope between the present experiments and those 
of Leete (approximately 70% compared to 5 to 8%) may reflect 
species and age differences in the plants. 

Table II shows the radioactivity of samples of nicotinic acid 
hydrochloride isolated from the plants fed radioactive nicotine. 
A concentration of 30 yg of nicotinic acid per g wet weight of 
plant (as shown in the isotope dilution studies in an earlier 
section) was considered in all calculations to be the quantity of 
endogenous nicotinic acid in each plant sample in which the 
specific activity of the nicotinic acid hydrochloride isolated from 
the plants was corrected for dilution by carrier. The correction 
for dilution by carrier also assumes that the nicotinic acid con- 
centration in the plants remains constant throughout the experi- 
mental period. 

The nicotine-C" fed to the plants contained 50% of its radio- 
activity in the pyridine ring and carbon 2 of the pyrrolidine 
ring. If the nicotinic acid were derived directly from nicotine, 
and there was no dilution by the free nicotinic acid pool, its 
specific activity would be 50% of that of the nicotine. There- 
fore, the dilution of radioactivity in converting nicotine to nico- 
tinic acid was calculated by dividing the specific activity of the 
corresponding nicotine dipicrate sample by the specific activity 
of nicotinic acid hydrochloride and multiplying by 0.5. 

The calculated dilutions shown in Table II seem to be low 
enough to support the hypothesis that nicotinic acid was formed 
directly from nicotine in the plants by oxidation of the pyrroli- 
dine ring. Metabolic degradation of the pyridine ring and its 
resynthesis would presumably involve dilution by a number of 
metabolite pools, thus resulting in a high dilution of isotope. 
The most efficient biosynthetic precursors of nicotine investigated 
to date give dilutions of the order of 150 (5). 

It appears that the nicotinic acid derived from nicotine enters 
the metabolic pool and presumably is converted to bound forms 
such as the pyridine nucleotides, since the dilution of isotope 
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Wada et al. (9) have demonstrated extensive oxidation of nic- 
otine by air at room temperature. One of several oxidation 
products isolated was nicotinic acid. The lack of radioactivity 
in the nicotinic acid hydrochloride isolated from the control 
plants at zero time indicates that there was no such nonmetabolic 
oxidation of nicotine during the isolation and purification proce- 
dures. 

Nicotinic acid hydrochloride from the control experiment in 
which roots were shaken for 1 hour and then removed from a 
solution containing radioactive nicotine contained no significant 
C1. This experiment, coupled with the fact that nicotine was 
rapidly absorbed by the roots of intact plants in the feeding 
experiments, would seem to eliminate bacterial action on nico- 
tine as the source of radioactive nicotinic acid. 

It would be interesting to determine whether the ratio of radio- 
activity in the carboxyl carbon and the pyridine ring of the iso- 
lated nicotinic acid is the same as that of the nicotinic acid moiety 
of the original nicotine. However, the small amount of nicotinic 
acid isolated precluded this experiment. Dawson (11) has shown 
that the pyridine ring of nicotinic acid is incorporated into nico- 
tine in sterile tobacco root cultures, whereas the carboxy! carbon 
is not. Whether the formation of nicotinic acid from nicotine 
is a reversal of the biosynthetic route or is a product of a unique 
degradative pathway cannot be determined by the present study. 
Isolation and identification of other metabolites of nicotine is in 
progress in the hope that these experiments will indicate some of 


to elucidate the pathway of nicotine degradation in tobacco 
plants. 
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Nicotine-C™ was administered to Nicotiana rustica plants, and 


nicotine dipicrate and nicotinic acid hydrochloride were isolated 
after 4, 7, or 14 days. The nicotinic acid hydrochloride con- 
tained a significant quantity of isotope with dilution of specific 
activity ranging from 18 to 88. Approximately 60 to 80% of the 
total radioactivity fed to the plants was recoverable as nicotine 
dipicrate in all experiments. 
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After the original demonstration by Stetten (1) that the nitro- 
gen atom of Dl serine- Nis is converted to the nitrogen of ethanol- 
amine in the intact rat, considerable evidence has accrued to 
indicate that in mammalian tissues L-serine is decarboxylated to 
ethanolamine. Not only are the g- carbon, 8-hydrogen, and 
nitrogen of serine extensively utilized as a unit for the synthesis 
of the ethanolamine moiety of choline, but, in addition, glycine 
and formate are converted to serine before incorporation into 
ethanolamine (2-4). Furthermore, p-serine (5) and the carbon 
1 of glycine (5, 6) are not precursors of ethanolamine in the rat. 
However, despite the demonstration of ethanolamine synthesis 
from serine in the intact animal, little is known about the mech- 
anism of this conversion. 

The conversion of serine-C™ to ethanolamine has been studied 
in rat liver and brain slices and in rat liver homogenates. This 
communication presents evidence that in these tissues a serine 
metabolite, either phosphatidylserine or a precursor of phos- 
phatidylserine, is converted to ethanolamine. 


EXPERIMENTAL PROCEDURE 


Tissue Slice Studies—Male rats of the Sprague-Dawley strain 
were decapitated and their livers and brains were quickly excised 
and placed in ice-cold Krebs-Ringer-bicarbonate buffer, pH 7.4. 
Slices, approximately 0.42 mm thick, were prepared with the aid 
of a Mellwain mechanical tissue chopper; the slices from several 
animals were pooled, and 500-mg portions of the slices were 
placed in 50-ml Erlenmeyer flasks. Each flask contained 2 ml 
of Krebs-Ringer-bicarbonate buffer, pH 7.4, and various addi- 
tions to make a final volume of 2.3 ml. The flasks were gassed 
with 95% Or5% CO,, stoppered, and incubated at 37° with 
shaking for varying periods of time. At the end of the incubation 
period the slices were transferred to centrifuge tubes and centri- 
fuged at 600 X g and 0° for 10 minutes. The precipitate was 
then washed with 5 ml of cold Krebs-Ringer-bicarbonate buffer 
and again centrifuged. The pellicle was resuspended in 2 ml of 
water, and the tubes were immersed in boiling water for 5 min- 
utes. The contents were then homogenized by grinding with a 
motor-driven pestle. 

Homogenate Studies—Male, Sprague-Dawley rats, weighing 20 
to 30 g, were killed by decapitation. The livers were quickly 


* Present address, t of Internal Medicine, Univer- 
sity of Texas Southwestern Medical School, Dallas, Texas. 
Present address, De nt of Chemical Pathology, St. 
Mary’s Hospital, London, W. 2, England. 
‘ae from Baltimore Instrument Company, Baltimore, 


excised and placed in ice-cold 0.25 m sucrose. The livers from 
6 to 12 rats were blotted, weighed, and homogenized in 10 vol- 
umes of 0.25 M sucrose in a glass homogenizer with four strokes 
each of the matched loose and tight plungers. The homogenate 
was then fractionated by differential centrifugation at 0° (7). In 
some experiments the mitochondria and microsomes were not 
separated from each other; such preparations are referred to as 
particles. The particulate preparations were resuspended in 
0.25 1 sucrose (1 ml per g of wet weight of liver). Two-milliliter 
aliquot portions of the homogenate were added to 50 ml-Erlen- 
meyer flasks containing potassium phosphate buffer, pH 7.4, and 
appropriate additions to make a final volume of 2.5 ml. The 
flasks were gassed with 95% 0:5% CO,, stoppered, and incu- 
bated at 37° with shaking for varying periods of time. At the 
end of the incubation period the reaction was stopped by im- 
mersing the flasks in boiling water for 5 minutes. 

Methods—Equal volumes of 10% trichloroacetic acid and 10 
umoles of L-serine were added to the boiled, homogenized tissue 
preparations. The tubes were then centrifuged, and the pre- 
cipitates were washed twice with 10% trichloroacetic acid. The 
trichloroacetic acid extracts were combined and autoclaved at 20 
pounds of pressure and 120° for 30 minutes. The solutions were 
then adjusted to pH 3.4 with 0.1 N sodium citrate and passed 
through columns of Dowex 50-X8, pH 3.4 (5 X 1 em) as described 
by Moore and Stein (8). The columns were washed with 15 ml 
of 0.1 N sodium citrate, pH 3.4, and eluted with 2.5 ml of 0.1 n 
NaOH. The eluates were diluted with 30 ml of water and passed 
through small columns of Permutit (4 X O. 5 em). The columns 
were washed with 40 ml of water and eluted with 3 ml of 10% 
NaCl. One-milliliter aliquot portions were added to 10 ml of 
dioxane-methanol-ethy lene glycol-naphthalene (100: 10: 2: 6) con- 
taining 0.4% 2 5-diphenyloxasole and 0.02% 1 4 bis-2(5-phenyl- 
oxazolyl)-benzene and assayed for C™ in a Packard Tri-Carb 
liquid scintillation counter set at 960 volts as described by Bray 
(9). Free ethanolamine was determined on another aliquot por- 
tion by the method of Frisell and Mackensie (10). Recoveries of 
added ethanolamine varied from 75 to 80%. When the product 
remaining after Dowex 50 and Permutit chromatography was 
chromatographed on paper with butanol-acetic acid-water 
(50:12:50), ethanolamine was the only ninhydrin-reacting mate- 
rial present, and all the radioactivity was found in the region 
corresponding to this substance. 

The washings obtained from the Dowex 50 columns were com- 
bined and evaporated to dryness with suction. The residues 
were then transferred with washing to small tubes containing 10 
ml of 6 * HCl, sealed, and autoclaved at 20 pounds of pressure 
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and 120° for 7 to 8 hours. The hydrolysates were evaporated 
to dryness, dissolved in 20 ml of water, and adjusted to pH 3.4 
with 0.1 N sodium citrate. The fractions containing acid-hy- 
drolyzed ethanolamine were then chromatographed on Dowex 
50, pH 3.4, and Permutit and assayed for C and ethanolamine 
as before. 

Phospholipids were extracted by the previously described 
method (11) from the residues which remained after the addition 
of trichloroacetic acid to the tissue homogenates. After refluxing 
for 3 hours in 6 N methanolic HCl, the samples were evaporated 
to dryness under reduced pressure, dissolved in 5 ml of water, 
and extracted with 5 ml of chloroform with vigorous shaking in 
order to remove any sphingosine which might be present. The 
aqueous layers were removed. One aliquot was assayed for 
radioactivity. The remainder was chromatographed on Dowex 
50, pH 3.4, and Permutit and assayed for CW and ethanolamine. 

Materiale—t-Serine-3-C"* and t-serine-U-C'*? were obtained 
from Nuclear-Chicago Corporation. pt-Serine-1-C was ob- 
tained from Volk Radio Chemical Company. The serine-3-C™ 
and serine-U-C™ preparations were found to be contaminated 
with ethanolamine-C™ or a material similar to ethanolamine in 
chromatographic properties at levels from 0.1 to 0.9%. There- 
fore, before use serine-C'* was chromatographed on Dowex 50, 
H“ (50 Xx 1 cm) and eluted with 1.5 n HCl as described by Pil- 
geram et al. (12). Four-milliliter fractions were collected on an 
automatic fraction collector; O. I- ml aliquots were assayed for 
radioactivity and chromatographed on paper with butanol-acetic 
acid-water (50:12:50). The serine-containing fractions were 
combined, evaporated to dryness with suction, dissolved in small 
amounts of water, and adjusted to pH 7 before they were used. 


The conversion of t-serine-U-C"* to ethanolamine was studied 
in slices of liver from rats varying in age from 10 to 80 days. 
It was found that preparations from younger animals were some- 
what more active so that in subsequent studies 10 to 15 day-old 
rats, weighing 20 to 30 g, were used. When slices of rat liver 
and brain were incubated with t-serine-3-C" for periods of 2 
hours, there was considerable incorporation of radioactivity into 
free ethanolamine, phosphoethanolamine, and phospholipid etha- 
nolamine (Table I). Although the amount of radioactivity found 
in the free ethanolamine and phosphoethanolamine fractions 
varied slightly from one preparation to another, in every instance 
phospholipid ethanolamine contained more counts than the other 
two fractions combined. The addition of L-serine markedly di- 
luted the counts appearing in each form of ethanolamine, but 
pi-serine-PO,, ethanolamine, and ethanolamine-PO, had only 
slight effects on the incorporation of serine-C™ into the various 
ethanolamine moieties. The finding of a greater total incor- 
poration of L-serine-3-C™ into phospholipid ethanolamine, along 
with the lack of a significant dilution of this incorporation by 
ethanolamine, serine-PO,, or ethanolamine-PO, suggested that 
in the liver and brain serine is decarboxylated in the form of some 
metabolite and not as free serine or serine-PO,. 

This hypothesis is strongly supported by the experiment shown 
in Fig. 1. When slices of rat liver were incubated with L-serine- 
3-C™ for varying periods of time from 15 minutes to 3 hours, in 
each instance the total incorporation or radioactivity into phos- 


? L-Serine-U-C" refers to the uniformly or randomly labeled 
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Taste I 
Synthesis of ethanolamine from L-serine-3-C™ in 
rat liver and brain slices 

Slices (500 mg) were incubated in 2 ml of Krebs-Ringer-bicar. 
bonate buffer, pH 7.4, glucose (6.2 X 10-* m), and L-serine-3-Cx 
(5 X 10-* N containing 9.07 X 10* c.p.m.) in a total volume of 
2.3 ml. After 2 hours of incubation at 37°, the various ethanol. 
amine fractions were isolated as described in the text. 


Ethanolamine recovered as: 
Tissue — 
( moles) 

Free etha - Phospho- — 

6. 
Liver None 700 1450 4670 
L-Serine (4) 70 320 610 
pL-Serine-POQO, (8) 350 490 3030 
Ethanolamine (4) 1020 1210 3280 
Ethanolamine-PO, (4) 460 1190 4080 
Brain | None 1050 520 2660 
L-Serine (4) 330 60 850 
pL-Serine-PO, (8) 930 520 2060 
Ethanolamine (4) 1450 470 2010 
Ethanolamine-PO, (4) 1160 270 3270 


pholipid ethanolamine was much greater than into free ethanola- 
mine and phosphoethanolamine (Fig. 1A). This difference was 
most marked at the 15-minute period, at which time the incorpo- 
ration into phospholipid ethanolamine was 21 and 24 times that 
of free ethanolamine and phosphoethanolamine. When the same 
data were expressed as counts per minute per micromole the 
specific activity of phospholipid ethanolamine was, in each case, 
greater than that of ethanolamine and phosphoethanolamine 
(Fig. 1B). Again, the differences were most marked at the 15 
minute period, when the specific activity of phospholipid ethanol- 
amine was 16 times that of ethanolamine and 11 times that of 
lamine. 

Table II shows the results of an experiment in which L-serine- 
3-C" and pi-serine-1-C'* were compared as precursors of etha- 
nolamine in rat liver slices. As might have been predicted from 
previous studies in intact animals (2-6), the C-1 of serine was not 


1500 + + 600 

1000 }- — + 400 
700 
leo 

0 

o 6 120 #00 60 120 180 


Fic. 1. Time course of incorporation of L-serine-3-C" into the 
ethanolamine fractions of rat liver slices. Slices (500 mg) were 
incubated in 2 ml of Krebs-Ringer-bicarbonate buffer, pH 7.4, 
glucose (6.2 X 10-* u), and L-serine-3-C™ (5 X 10 u containing 
9.7 x 10° e. p. m. ) in a total volume of 2.3 ml. After the incubatioa 
periods, the various ethanolamine fractions were isolated and as- 
sayed as described in the text. 
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converted significantly to ethanolamine. In this type of ex- 

iment the addition of nonradioactive ethanolamine frequently 
caused a 50% decrease in the counts appearing in phospholipid 
ethanolamine. The decrease was not as great as the rise in 
intracellular free ethanolamine concentration (fourfold), nor was 
it as great as that which occurred when much smaller amounts of 
nonradioactive L-serine were added. In these experiments the 
addition of ethanolamine also caused a slight but consistent in- 
crease in the total quantity of phospholipid ethanolamine, sug- 
gesting that ethanolamine and serine might compete in some way 
as substrates for phospholipid synthesis. 

The effects of La-methylserine, pt-O-methylserine, and gly- 
cine on the incorporation of L-serine-3-C" into the ethanolamine 
moieties of rat liver slices were also investigated. None of these 
substances significantly altered the incorporation of radioactivity 

into either ethanolamine, phosphoethanolamine, or phospholipid 
ethanolamine. 

These experiments in slices of rat brain and liver are all con- 
sistent with the thesis that some serine metabolite, not serine 
phosphate, is decarboxylated to form ethanolamine and that 
ethanolamine and phosphoethanolamine are not immediate prod- 
ucts of this reaction. Furthermore, since the ethanolamine frac- 
tion of phospholipid is most rapidly labeled when serine-C" is 
incubated with liver and brain slices, the conclusion may be 
drawn that ethanolamine is synthesized either from phosphati- 
dylserine or from some intermediate in phospholipid synthesis. 
In order to obtain a more direct demonstration of the involve- 
ment of phospholipids in serine decarboxylation, the phospha- 
tidylserine synthesizing system of Hubscher et al. (13) was 
utilized. When the particles sedimenting from a rat liver homo- 
genate between 600 and 105,000 x g were incubated with various 
cofactors and L-serine-U-C"™, radioactivity was incorporated most 
rapidly into the phospholipid bases (Fig. 2); significant incor- 
poration also occurred into phospholipid ethanolamine. No 
counts appeared in free ethanolamine, and only slight radioac- 
tivity was detected in the phosphoethanolamine fraction after 
75 minutes. The addition of a large quantity of nonradioactive 
L-serine 45 minutes after the beginning of the incubation caused 
a complete cessation of incorporation of radioactivity into the 
phospholipid bases. Nevertheless, the radioactivity in phos- 


TaB.e II 
Comparison of E · serine-· CM and · serine · - Ci as precursors of 
ethanolamine in rat liver slices 

Slices (500 mg) were incubated in 2 ml of Krebs-Ringer-bicar- 
bonate buffer, pH 7.4, and glucose (6.2 X 10°? ) with either 
L-serine-3-C™ (5 Xx 10-* M containing 9.07 X 10* c.p.m.) or DL- 
serine-1-C** (5 Xx 10~* M containing 1.35 X 10% c.p.m.) in a total 
volume of 2.3 ml. After incubating for 2 hours, the various eth- 
anolamine fractions were isolated and counted as described in the 
text. 


1 2 Ethanolamine recovered as: 
Precursor 
amine 
edded | ethanclamine | ethanolamine | ethanolamine 
pmoles c. .. pmoles c. pmoles c. b. . pmoles 
L-Serine-3-C"* 0 | 240 | 0.28 | 240 | 0.47 | 5090 | 5.57 
L-Serine-3-C"* 8 | 270 | 1.24 | 530 | 1.15 | 2510 | 6.23 
pi-Serine-1-C™ 0 300.32 70 0.64 506.71 
Serine -- Ci 8 20 1.33 30 1.33 50 6.22 
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TOTAL COUNTS/MINUTE 


15 30 25 60 78 


TIME (MINUTES) 

Fic. 2. Time course of incorporation of L-serine-U-C* into the 
ethanolamine fractions of rat liver particles. Two-milliliter ali- 
quot portions of the suspended rat liver particles were incubated 
with adenosine triphosphate (4 X 10-* u, coensyme A (2 & 10% 
u), cytidine monophosphate (2 X 10°? u), MgCls (8 Xx 10-* u), 
glutathione (4 Xx 10˙ mu), potassium phosphate buffer, pH 7.4 
(2.4 X 10°* u), glucose-6-PO, (4 X 10 ˙ ), and 1-erine-U- Ci 
(4 Xx 10 ˙ containing 5.7 Xx 10 e. p. m.) to make a final volume 
of 2.5 ml. Forty-five minutes after the beginning of the ineuba - 
ion L-serine (1 X 10 M) was added. After the various incuba- 
tion periods, the ethanolamine fractions were and as- 
sayed as described in the text. 


Taste III 

Synthesis of ethanolamine from i-serine-U-C™ in rat liver particles 

Particulate suspensions (2 ml) incubated with adenosine tri- 
phosphate (4 X 10-* coenzyme A (2 Xx 10-* mu), cytidine mono- 
phosphate (2 Xx mu), MgCl, (8 Xx u), glutathione (4 X 
10 N), potassium phosphate buffer, pH 7.4 (2 X 10 u), glucose- 
6-PO, (4 Xx u), and t-serine-U-C™ (4 Xx 10 M containing 
5.7 X 10˙ c.p.m.) to make a final volume of 2.5 ml. After incubat- 
ing for 1 hour at 37°, the samples were assayed as described in 
the text. 


Ethanolamine recovered as Phos- 

additions (smoles) 

None 3070 80 150 310 12.0 
L-Serine (2) 15 | 30 3 10110 40 13.5 
pu-Serine-PO, 40 80 40 80 260 12.5 
(4) 

40 | 40 110 120 | 1010; 350 7510 13.4 
PO, (2) 
Ethanolamine | 30 | 20 30 60 120 3510 10.6 
2 


pholipid ethanolamine continued to increase between the 45- and 
75-minute periods from 504 to 846 c.p.m., suggesting that phos- 
pholipid ethanolamine is not synthesized directly from free serine. 
Further support for this hypothesis was derived by studying 
the effects of nonradioactive L-serine, pi-serine-PO,, ethanol- 
amine-PQ,, and ethanolamine on ethanolamine synthesis from 
L-serine-U-C™ in a suspension of rat liver particles (Table III). 
In every instance both the total counts and the specific activity 
of phospholipid ethanolamine were found to be much —— 
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TABLE IV 
Conversion of serine - to ethanolamine 
by fractionated rat liver homogenates 
Two-milliliter aliquot portions of the suspended rat liver par- 
ticles or supernatant, equivalent to 2 g of wet weight of tissue, 
were incubated for 1 hour at 37°; the incubation conditions were 
as described in Table III. 


Fraction — bases 

c. p. m. c. p. m. 

Microsomes 3530 7840 
Mitochondria 220 530 
Supernatant 0 0 
Microsomes + Supernatant 2660 8960 
Mitochondria + Supernatant 700 940 


though serine, serine-PO, (possibly through partial catabolism 
to serine), and ethanolamine produced some decrease in the total 
radioactivity of the phospholipid ethanolamine fraction, the 
ratio of incorporation of radioactivity into phospholipid ethanol- 
amine to that of the phospholipid bases as a whole (last column) 
remained remarkably constant. These results demonstrate that 
any depression of phospholipid ethanolamine synthesis by free 
ethanolamine is accompanied by parallel effects on phospholipid 
serine synthesis from serine-C"*. 

In Table IV are shown the results of an experiment in which 
phospholipid ethanolamine synthesis was studied in a more 
completely fractionated rat-liver homogenate. Most of the 
activity in this system, both in regard to the level of serine-Ci⸗ 
incorporation into the phospholipid bases and into phospholipid 
ethanolamine, was found in the microsomal fraction. The use of 
the microsomal fractions from the livers of weanling rats may 
account for the greater synthesis of phospholipid ethanolamine 
in these experiments than was previously reported for rat liver 
mitochondria (13). 


DISCUSSION 


Hubscher et al. (13) found some evidence for the conversion of 
serine-C" to phospholipid ethanolamine in a preparation of 
washed mitochondria from rat liver. The studies reported here 
show that serine can be converted to phospholipid ethanolamine 
by isolated rat liver microsomes and possibly by mitochondria, 
that this conversion is also carried out by slices of rat liver and 
brain, and that free ethanolamine and phosphoethanolamine are 
not intermediates in the reaction. These findings strongly sug- 
gest that in rat liver and brain phospholipid ethanolamine is 
synthesized directly from phospholipid serine or from some 
intermediate in phospholipid synthesis. Such a mechanism 
could explain the marked discrepancy noted by Brady et al. (14) 
between the high levels of Ci O, production and the low rates of 
free ethanolamine synthesis in rat brain microsomes incubated 
with serine-U-C". The possibility that phosphatidylserine can 
be converted to phosphatidylethanolamine is of particular interest 
since Bremer and Greenberg (15) have recently demonstrated 
that lecithin may be formed by the methylation of phosphatidyl- 
ethanolamine; the direct conversion of phosphatidylserine to 
phosphatidylethanolamine offers not only an alternative path- 
way to the previously described route of phosphatidylethanol- 
amine synthesis (16) but to the synthesis of lecithin as well. It 
is also of interest that the ethanolamine moiety of sphingosine is 
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derived from serine and not from free ethanolamine both in 

intact rats (17) and in brain microsomes (14). 

The present studies do not exclude the possibility that free 
ethanolamine or phosphoethanolamine might be synthesized 
directly from serine or phosphoserine at a slow rate in rat liver 
and brain. However, such conversions must be slow in compar. 
ison to phosphatidylethanolamine synthesis. Dawson (18) has 
reported that rat liver contains both phospholipase B and di- 
esterase, which cleave glycerophosphorylethanolamine into 
glycerophosphoric acid and the free base (19). Since in the 
experiments reported here the small quantities of glycerophos- 
phorylethanolamine present in rat liver (20) would have been 
hydrolyzed in the phosphoethanolamine fraction, it is likely that 
the radioactivity in the nonlipid ethanolamine fractions was 
derived at least in part from the breakdown of radioactive phos- 
phatidylethanolamine. 

In a paper which appeared after this work was completed, 
Nemer and Elwyn (21) investigated the radioactivity of various 
ethanolamine derivatives of the rat after injection of serine-3-C%, 
Their observations in vivo appear to be at variance with the work 
reported here. However the results they obtained with liver 
homogenates do not contradict the conclusion drawn here, that 
phospholipid ethanolamine is labeled more rapidly than free or 
phosphoethanolamine, since the incorporation of Ci“ into phos- 
pholipid ethanolamine was not investigated in their experiments. 
Possibly the discrepancy between their findings in vivo and the 
results in vitro of this paper can be explained by their suggestion 
of a more rapid conversion of serine to phosphoethanolamine by 
some extrahepatic pathway. However, the latter compound 
does not appear to be a precursor of phospholipid ethanolamine 
in rat liver. 

SUMMARY 

1. The conversion of t-serine-C' to ethanolamine has been 
studied in slices of liver and brain and in homogenates of liver 
from rats. 

2. In both slices and homogenates ethanolamine-C™ appeared 
earliest as the ethanolamine of phospholipid. Free ethanolamine 
and phosphoethanolamine did not appear to be intermediates in 
this conversion. 

3. In fractionated homogenates of rat liver, the microsomes 
contained most of the activity for the synthesis of phospholipid 
ethanolamine from serine-C". 

REFERENCES 

StetTren, D., In., J. Biol. Chem., 144, 501 (1942). 

. Wersspacn, A., Etwyn, D., Ad D Sprinson, D. B., J. Am. 

Chem. Soc., 72, 3316 (1950). 

. ELwrx, D., Wzissnacn, A., AND Sprinson, D. B., J. Am. 

Chem. Soc., 73, 5509 (1951). 

. Etwyn, D., We1sspacn, A., Henry, S. S., anp Sprinson, D. 

B., J. Biol. Chem., 218, 281 (1955). 

. Arnstein, H. R. V., Biochem. J., 48, 27 (1951). 

. Greensere, D. M., anv Harris, S. C., Proc. Soc. Exptl. Biol. 

Med., 76, 683 (1950). 

. Hocesoom, G. E., in S. P. Colowicx anv N. O. KArLAN (Edi- 
tors), Methods in enzymology, Vol. I, Academic Press, Ine., 
New York, 1955, p. 16. 

8. Moore, S., anv Stein, W. H., J. Biol. Chem., 198, 663 (1951). 

9. Bray, G. A., Anal. Biochem., in press. 

0. Frise.., W. R., anp Mackenzie, C. G., in D. Giicx (Editor), 
Methods of biochemical analysis, Vol. 6, Interscience Pub- 
lishers, Inc., New York, 1958, p. 63. 

11. Wison, J. D., Gipson, K. D., anp Upenrrienpn, S., J. Biol. 

Chem., 236, 3213 (1960). 


Ne 


3542 — .— | 
1 
1 
1 
18 
Xu 


d di- 


omes 
lipid 


December 1960 


BERG, D. M., J. Biol. Chem., 904, 367 (1953). 

13. Husscuer, G., Dits, R. R., anp Pover, W. F. R., Biochim. 
et Biophys. Acta, 36, 518 (1959). 

14. Brapy, R. O., Formica, J. V., ano Koval, G. J., J. Biol. 
Chem., 233, 1072 (1958). 

15. BREMER, J., AND GREENBERG, D. M., Biochim. et Biophys. 
Acta, 36, 287 (1959). 


J. D. Wilson, K. D. Gibson, and S. Udenfriend 
12. PitceRaM, L. O., Gat, E. M., Sassenratu, E. N., anp GREEN- 


16. Kennepy, E. P., Federation Proc., 16, 847 (1957). 

17. — D. B., anp Couton, A., J. Biol. Chem., , 585 
1954) 

18. Dawson, R. M. C., Biochem. J., 64, 192 (1956). 

19. Dawson, R. M. C., Biochem. J., 68, 689 (1956). 

20. Dawson, R. M. C., Biol. Revs., 88, 188 (1957). 

21. * J., aND Euwrn, D., J. Biol. Chem., 286, 2070 
1960) 


0. 12 3543 
th in 
free 
sized 

liver 
npar- 
) has 

into 
1 the 
phos- 

been 
that 
was 
phos- 
eted, 
rious 
Cu. 

work 

liver 

that 
ee or 
phos- 
ents. 
d the 
stion 
by 
ound 
mine 

been 

liver 
pared 
mine 
es in 

Am. 

Am. 
v, D. 
Biol. 
Edi. 

Ine., 
951). 
itor), 

Pub- 

Biol. 


Tun Journna, or Biol 
Vol. 235, No. 13, December 1960 
Printed in U.S.A. 


On the Mechanism of Peroxidation of 


Uric Acids by Hemoproteins*} 


R. Ropney HOWRELL AND James B. WYNGAARDEN 


From the Departments of Medicine, Pediatrics, and Biochemistry, Duke University Medical 
Center, Durham, North Carolina 


(Received for publication, June 6, 1960) 


This study of the mechanism of peroxidation of purines by 
hemoproteins was stimulated by an observation that uric acid 
was unstable when formed from inosine in the presence of 
erythrocyte nucleoside phosphorylase, xanthine oxidase, and 
phosphate buffer. Since the conversion of hypoxanthine to uric 
acid by xanthine oxidase generates 2 molecules of hydrogen 
peroxide, a peroxidation was suspected. When catalase was in- 
cluded in the system, the yield of uric acid from inosine was 
quantitative, and uric acid was stable. The peroxidative cata- 
lyst remained inseparable from hemoglobin, and it was eventually 
concluded that the active principle was methemoglobin. 

A number of other hemoproteins are also known to catalyze 
peroxidation of uric acid. These include myeloperoxidase (4, 5), 
horseradish peroxidase (6), lactoperoxidase, verdoperoxidase 
(7), and cytochrome c (8). The component common to these 
proteins and of methemoglobin is a trivalent iron porphyrin 
prosthetic group. Hematin itself was found to be an excellent 
catalyst for uric acid peroxidation, but the pH optima of met- 
hemoglobin and of horseradish peroxidase were quite different 
from that of hematin. The studies described herein show that 
any purine with an unsubstitued N-7 or N-9 position and an 
8-oxo substituent is susceptible to peroxidation in the presence 
of hemoprotein (or hematin) and peroxide. A mechanism of 
peroxidation of uric acids catalyzed by hemoproteins is proposed. 

EXPERIMENTAL PROCEDURE 

Materials—Beef liver catalase, uricase, milk xanthine oxidase, 
and horseradish peroxidase were obtained from Worthington 
Biochemicals, Inc. Crystalline cytochrome c (horse heart) and 
beef hemoglobin (twice recrystallized) were obtained from Sigma 
Chemical Corporation. The common purines were commercial 
products. Uric acid was recrystallized twice from Li;CO; 
solution (9). 8-Oxyadenine, 2,8-dioxyadenine, 8-oxyguanine, 
and 8-oxy-2,6-diaminopurine were synthesized according to 
Cavalieri and Bendich (10). 7-Methyl-8-oxyguanine was iso- 
lated from human urine as previously described (11). Methyl- 
uric acids were a gift of Dr. Sidney Udenfriend, except that 
tetramethyluric acid was a gift of Dr. F. Bergmann of Jerusalem. 

Methods—Spectrophotometric assays were performed at room 
temperature in a Beckman model DU spectrophotometer with 
use of 3-ml quartz cuvettes with a l-cm light path. Spectra 
were obtained with a Cary recording spectrophotometer, model 

* Supported by Grants A-1391 and CY-4142 from the United 


States Public Health Service. 
t Preliminary reports of this work have appeared (1-3). 


11. The pH determinations were made with a Beckman Zero- 
matic pH meter. Acetone-HCl fractionations were done at 
—20°. Uric acid was determined according to Praetorius (12). 
Protein was determined according to Warburg and Christian 
(13). Heme was determined optically at 403 my (14). 
Assays—Uricolysis assays were run in various buffers at pH 
values ranging from 3 to 12. Routinely the fraction to be 
assayed, containing 8 mumoles of hematin (as methemoglobin), 
was added to a cuvette containing 0.15 umole of uric acid and 140 
umoles of phosphate buffer, pH 7.4, in a total volume of 2.9 ml. 
Hs, 9 moles (0.1 ml of 0.3% solution) was added, mixed with 
stirring, and the decrease in absorbancy at 292 my followed asa 
measure of uric acid disappearance (Fig. 1). Nucleoside phos- 
phorylase was assayed with inosine as substrate. The assay sys- 
tem consisted of 0.2 umole of inosine, 50 units of xanthine oxi- 
dase (15), 50 units of catalase (16), and 10 umoles of phosphate 
buffer, pH 7.4, in 3 ml. The formation of uric acid was followed 
by the increase in absorbancy at 292 mu. Catalase activity was 
determined by the peroxide-permanganate technique of Von 
Euler modified by Beutler and Blaisdell (17). 
Chemiluminescence—The stock solution of luminol (5-amino- 
2 ,3-dihydro-1 ,4-phthalazinedione) contained 0.1 mg per ml of 
O. IN NaOH. A 0.25 ml quantity of this solution and 0.4 umole 
of HO, were diluted to 0.9 ml, and the faint chemiluminescence 
resulting was measured in a Farrand photofluorometer set at 
maximal sensitivity. Effects upon light emission were followed 
for varying periods of time after addition of hematin, met- 
hemoglobin, and other materials. 


PREPARATIONS 


All procedures were carried out at 4° unless otherwise stated. 

Erythrocyte Hemolysate—The erythrocytes from 50 ml of fresh 
heparinized human blood were washed four times with 0.9% 
NaCl solution after which they were alternately frozen and 
thawed three times. Neutral ammonium sulfate was added to 
the hemolysate to 70% of saturation. The precipitate was 
collected and redissolved in water and dialyzed overnight against 
0.1 Mu phosphate buffer, pH 7.4. The protein solution was heated 
at 70° for 10 minutes and centrifuged at 10,000 x 9 for 0 
minutes (Diagram 1, supernatant Fraction II). All fractions 
were assayed for uricolytic, nucleoside phosphorylase, and cata- 
lase activity. 

Hematin was isolated from the protein fraction according to 
Theorell (18). Fraction II, 2 ml, was added with stirring to 20 
ml of acid-acetone (1 ml of concentrated HCl in 1000 ml of ace- 


BES - 23 


3544 


December 1960 


Diacram 1 


Erythrocytes washed with 0.9% NaCl solution, alternately 
frozen and thawed 
0 to 70% ammonium sulfate frac- 
| tionation (X 3) 
| 
supernatant (inactive) precipitate, dissolved in H- O 
(Fraction I, inactive) 


dialysed against 0.1 M PO, buffer, 
pH 7.4, heated 70° for 10 minutes, 


spun at 10,000 X g for 30 minutes 
| 


precipitate (inactive) _ supernatant — II (active) 
10 volumes of acetone-H Cl solu- 
tion at —20° for 3 minutes with 
stirring 
| | 
precipitate (inactive) supernatant Fraction III (active) 


Preparation of fractions from erythrocytes. Fractions II and 
III were active catalysts of peroxidation of uric acid. Fraction 
I had abundant catalase activity; Fractions II and III had none. 


tone) at —20°. Stirring was continued for 3 minutes. An al- 
most white precipitate was removed by centrifuging at 10,000 x 
g, leaving a protein-free, copper-brown solution from which the 
acetone was evaporated at room temperature. Spectra and 
assays were run on the acetone-soluble fraction after the residue 
had been redissolved in absolute alcohol. Crystalline horse- 
radish peroxidase, 100 mg, was dissolved in 2 ml of distilled 
water and the hematin isolated by acetone-HCl as described 
above. 

Free Radicals—Hydroxyl-free radicals were generated from 
HO: by exposure to ultraviolet light (19). The source employed! 
gave 90% of its emission at 2537 A, and a filter blocked trans- 
mission of the 1849 A band. 


Uricolysis—The hemolysate of human erythrocytes and 
Fraction I, in both of which catalase activity was high, dem- 
onstrated no uricolytic activity when incubated with uric acid 
and hydrogen peroxide. When catalase was destroyed by heat- 
ing the hemolysate for 10 minutes at 70° (20), or by incubation 
with trypsin at room temperature for 1 hour (21), or inhibited 
with 2,4-dichlorophenol, 3 X 10 M (22), the hemolysate was 
highly uricolytic. Readdition of catalase to either of the first 
two systems prevented uricolysis (Fig. 1). 

Several attempts at fractionation of the hemolysate resulted in 
no purification of the uricolytic component. Fractionation with 
ammonium sulfate yielded four fractions with uricolytic activity, 
demonstrable only after inactivation of catalase by heat. The 
specific activities, based on either protein or heme content, were 
identical in all four fractions. The active factor could be ad- 

1 Mineralight model R-51, Ultraviolet Products, Inc., San 
Gabriel, California. Information on the characteristics of its 
emission was kindly supplied by M. R. Cooper of Black Light 

ern Corporation, Bayside, New York. 
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duced a single red band, which contained all the uricolytic activ- 
ity. The specific activity, based on protein or heme content, 
was identical with that of the fraction applied to the starch. 


protein in the assay cuvette was considered to be methemoglobin. 
(The H,O, was present in excess.) 

Activity of Other Hematin Proteins—Curves similar to Curve A 
in Fig. 1 were also obtained with electrophoretically pure crys- 
talline beef hemoglobin, crystalline cytochrome e, and horse - 
radish peroxidase. Catalase inhibited uricolysis in all active 
systems. 

Uricolytic Activity of Prosthetic Group, Hematin—Fraction III, 


as good a catalyst of uricolysis as was hematin obtained from 
hemoglobin. 


Inorganic ferrous and ferric iron caused only a slow disappear- 
ance of uric acid in the presence of HO. Based on equivalent 
iron content, at pH 6.5, the rate of uricolysis with inorganic iron 
as about 3% that observed with bovine hemoglobin (Table I). 

pH Optima—lIn Fig. 2 are presented data comparing the urico- 
lytic activities of equimolar quantities of methemoglobin, horse- 
radish peroxidase, and hematin, in various regions of pH. No 
assays were conducted below pH 3.0, and even at this pH 
horseradish peroxidase was rapidly inactivated. If the latter 
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Fie. 1. Uricolysis with hydrogen peroxide and methemoglobin. 
Curve A shows the decrease in absorbancy at 292 my after addition 
of methemoglobin to a cuvette containing uric acid and H,O, 
If no methemoglobin is added, or if catalase and methemoglobin 
are added together at T = 0, no decrease in absorption occurs (B). 
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a sorbed onto aged calcium phosphate gel and eluted with phos- 
phate buffers in several fractions, in which the specific activity 
was in each case identical with that of the starting material. The 
active factor was eluted from a DEAE-cellulose column with 
NaCl (23) in a single peak with no purification. Starch block 
electrophoresis of Fraction II in barbital buffer at pH 8.6 pro- 
leukocyte technique of Agner (5) were unsuccessful; when hemo- 
ee globin was removed, the supernatant fraction was inactive. 
Because upon addition of H,O, oxyhemoglobin and hemo- 
globin are rapidly converted to methemoglobin (24), the hemo- 
ro- 
at 
12). 
pH 
be 
din) containing ine pröstnet group 0 hemogiodin, gave an 
1140 tion spectrum characteristic of hematin when examined in al- 
j ml. coholic HCl. In the assay with uric acid and HO; (pH 7.4), 
with hematin proved to be highly uricolytic, whereas the protein 
0 precipitate when resuspended was totally inactive. The hema- 
he tin-prosthetic group of horseradish peroxidase or of catalase was 
oxi- 
— 
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TABLE I 
Catalysts of peroxidation of uric acid 
Each 3 ml contained: Fe, 3.5 ug; acetate buffer at pH 6.5 or Tris 
buffer at pH 8.2, 1.2 mmoles; uric acid, 0.2 umole; and H:02, 9 


»moles. 
Catalyst pH 6.5 pH 8.2 
AOD) min 
0.009 0.010 
⸗˙⸗ZV 0.008 0.013 
Methemoglobin......... 0.155 0.125 


INITIAL RATE 
(aD. x- 292 mu/min) 


Fic. 2. Peroxidation of uric acid at various pH values, cata- 
lyzed by horseradish peroxidase (HRP) methemoglobin (Methgbd), 
or hematin. The curves represent the activities of equimolar 
quantities of ferriprotoporphyrin. Experiments at pH 3 to 5 were 
conducted in acetate buffer, and experiments at 5.7 to 7.7 were 


conducted in phosphate buffer 


enzyme and H- O: were not added in immediate sequence, low 
values for horseradish peroxidase activity were obtained, below 
pH 5. 

In contrast, the hematin-prosthetic groups showed low urico- 
lytic activity at low pH values. Activity increased approx- 
imately linearly above pH 4.5 in both acetate and glycine buffers. 
In the pH range above 6.0 to 6.5, hematin was a more active 
catalyst of uricolysis than were the complete hemoproteins. 

Both methemoglobin and its hematin fraction were found to be 
more active in Tris buffer than in acetate and glycine buffers in 
the pH range of 7.3 to 8.9. With hematin the differences were 
striking and its activity in Tris was three times that in acetate 
and glycine. The activity of methemoglobin increased markedly 
in glycine buffer above pH 9.0, and above 9.5 was too rapid to 
follow accurately. Above pH 10.2 to 10.5, a slow spontaneous 
oxidation of uric acid occurred in the presence of methemoglobin 
(and ultraviolet light from the spectrophotometer, see below), 
before addition of H- O:, but at lower pH values no destruction 
of uric acid was observed in the absence of HO:. 

Inhibition—Hematin was inhibited by cyanide, sulfide, carbon 
monoxide, and mercuric chloride, but not by fluoride. Azide 
augmented the rate of uric acid oxidation. Hematin could be 
boiled for 10 minutes with no loss of activity. 

Specificitty—At pH 8.75 in Tris buffer, methemoglobin and 
hematin catalyzed the rapid oxidation of 1-methyl, 3-methyl, 
1 ,3-dimethyl, 1 ,7-dimethyl, 1, 3, 7-trimethyl and 3,9-dimethyl- 
uric acid derivatives, and in addition 7-methyl-8-hydroxy- 
guanine, 8-hydroxyadenine, 2,8-dioxyadenine, 8-hydroxy-2 ,6- 
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diaminopurine, and 8-hydroxyguanine. When methemoglobin 
and H;O; were added to xanthine, hypoxanthine, guanine, 
adenine, 3-methylxanthine, or 6-methylpurine only a slow re- 
action was observed, if any. No reaction was observed with 
1,3,7,9-tetramethyluric acid (Table II). The common struc- 
tural factors of purines susceptible to peroxidation are (a) an 
8-oxo group, and (b) at least one unsubstituted imidazole nitro- 
gen. No inhibition of uricolysis was observed in the presence of 
a 10-fold (molar) excess of xanthine, hypoxanthine, adenine, or 


guanine. 

Product—Uric acid was incubated with hematin and H- O: in 
0.1 u phosphate buffer, pH 7.5, at room temperature with shak- 
ing. The optical density was followed at 292 my until 98% of 
the uric acid had been oxidized. A product of this reaction 
migrated opposite authentic allantoin on paper chromatograms 
developed in isobutyric, butanol-ethanol, and butanol-acetic acid 
systems (25). At least one additional unidentified product was 
present on the chromatograms. The reaction mixture was 
treated to isolate allantoin according to Buzard et al. (26). A 
whitish crystalline product was obtained in small yields, which 
gave a green test on paper with phenol-hypochlorite as did 


TaB.e II 
Specificity of hematin-peroridation reaction 

Each 3 ml contained: purine compound, 0.25 umole; Tris buffer, 
pH 8.2, 1 mmole; methemoglobin (Fraction II) or hematin (Frac- 
tion III), 0.1 ml containing 60 uwmoles of Fe; H,O to make 2.9 ml. 
Reaction was initiated by addition of 0.1 ml of 3% (9 wmoles) 
H,0:, and followed by observing the change in absorbancies at 
the appropriate maximum for each compound, at room tempera- 
ture in cuvettes with a 1.0-cm light path. 

Since the initial rates of oxidation of many of the 8-oxy com- 
pounds were very rapid, and some variations in initial concentra- 
tions of purine compounds were unavoidable, the apparent differ- 
ences in oxidation rates of reactive compounds probably are not 
highly significant. 


Compound Initial rate 
—AODimaz/min 

̃ ‚——r˙A 0. 390-0. 520 (6) “ 
I-Methylurie acid........................ 0. 510 
3-Methyluric aci Coco 0.460 
1,3-Dimethyluric acid.................... 0.630 
1,7-Dimethyluric acidt................... 0.310-0. 434 (3) 
3,9-Dimethyluric acid.................... 0.455 
1,3,7-Trimethyluric acidt................ 0. 156-0. 184 (2) 
1,3,7,9-Tetramethyluric acid............. 0.003-0.006 (4) 
Ü Ü ˙Ü⸗Üĩ²Ü˙i1 0.007 
3-Methylxanthine........................ 0.013 
0.004 

2, 8-Dioxypurin e 0.296 
0.430 

2, 8-Dioxyaden inen 0. 630 
cede 0. 000 
S-Oxyguanine dd 0.280 
S-Oxy-7-methylgua nine 0. 306 
8-Oxy-2, G-diaminopur ine 0. 800 
S-Methylpur ine 0. 000 


— 


* The number of studies is shown in parentheses. 
Of these less soluble compounds, 0.06 to 0.15 umole of purine 
compound was added, rather than the standard 0.25 umole. 
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authentic allantoin (25). Uncorrected melting points were as 
follows: sample, 229-231°; authentic allantoin, 231-234°; mixed, 
229-230°. 

HO: Urie Acid Stoichiometry—Paul and Avi-Dor (6), working 
with horseradish peroxidase, found a 1:1 molar correspondence 
between utilization of H,O; and oxidation of uric acids at pH 
3.8. In the present study when in was employed, 
the H.0; to uric acid and H,O; to 1,3,7-trimethyluric acid ratios 
were 1.0 at pH 5.0 (Table III). At higher pH values, the ratios 
were greater than 1.0, and the consumption of excess H,0; 
probably signified oxidation beyond the stage of allantoin. At 
pH 7.5, only several milligrams of allantoin were isolated from 
100 mg of uric acid. Canellakis et al. (7) found several products 
of peroxidation of uric acid by peroxidases at neutral pH, prob- 
ably derived from further oxidation of allantoin. 

Reaction Sequence—Since three components are essential in 
this system, three possible reaction sequences exist. A spectro- 
photometric study at pH 5.0 showed no change in the spectrum 
of uric acid with addition of H- O, or hematin. Nor was a change 
of the spectrum of hematin brought about by the addition of 
uric acid. However, when H,O, was added to hematin a rapid 
spectral change occurred, resulting in an increase in absorbancy 
in the region 550 to 590 my. The increase at 560 mu was max- 
imal in 3 minutes, and was followed by a gradual return to or 
below the initial reading in 20 to 30 minutes. These changes 
are similar to those recorded by Keilin and Hartree (24) for 
methemoglobin after addition of H- O,, although in the present 
study with hematin no specific absorption bands were observed 
at 589 mu and 545 my. When uric acid was added to the cell 
containing hematin and H,O; at 3 minutes, i.e. at the point of 
maximal increment in absorbance, a prompt decrease in absorb- 
ancy occurred, to the original optical density value of hematin. 
These results signify that an intermediate product is formed 


III 


Each 3 ml contained buffer, methemoglobin, and uric acid in 
the amounts indicated. An initial reading of optical density at 
292 my was obtained, and the reaction was then initiated by addi- 
tion of a known amount of H,O,, previously standardized by 
titration with KMnOQ,. The reaction was followed to completion, 
which required 18 to 150 minutes in various experiments. 


Buffer PH =| ‘globin-Fe| uric acid (b) = 
pmole pmole pmole pmole 
Acetate 5.0 0.056 | 0.600 | 0.050 | 0.062 1.0 
0.056 | 0.600 | 0.009 | 0.113 1.1 
0.006 | 0.600 | 0.128 | 0.126 1.0 
0.008 | 0.200 | 0.087 | 0.006 1.0 
Tris 8.2 0.008 | 0.100 | 0.024 | 0.025 1.0 
0.008 | 0.100 | 0.085 | 0.050 1.4 
0.008 | 0.100 | 0.065 | 0.100 1.5 
0.008 | 0.400 | 0.130 | 0.200 1.5 
Phosphate | 8.3 0.008 | 0.400 | 0.068 | 0.200 2.9 
— | uric 
Acetate 5.0 0.006 | 0.490 | 0.109 | 0.113 1.0 
0.490 | 0.083 | 0.073 0.9 
0.490 | 0.040 | 0.040 1.0 
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Fig. 3. Quenching of chemiluminescence of luminol by uric 
acid. Curve I represents the luminescent reaction of luminol in 
H,O,, upon addition of methemoglobin. Curve g shows the effect 
of addition of uric acid at 75 seconds. The inertia of the photo- 
fluorometer prevented recording of the initial flash occurring im- 
mediately after addition of methemoglobin at zero time. 


between HO; and hematin, and that the intermediate is then 
active in the oxidation of uric acid. 

Reaction Mechanism—George and Irvine (27) found that 
metmyoglobin reacted with hydrogen peroxide to form a complex 
which accounted for one of the two oxidising equivalents of the 
system, and which when reduced was reconverted to the original 
metmyoglobin. The second oxidizing substance existed only 
transiently, and they suggested that it might be an hydroxyl 
radical. When metmyoglobin was added to a solution of luminol 
(S- amino-2, 3-dihydro-1 ,4-phthalazinedione) in peroxide a lumi- 
nescent flash resulted, whereas if luminol was added later to a 
mixture of metmyoglobin and peroxide, only a dull luminescent 
glow resulted. They reasoned that the initial flash was produced 
by the sudden buildup of hydroxy! radicals. 

When luminol, hydrogen peroxide, and methemoglobin (or 
hematin) were added to each other in varying sequences in the 
present study, the same phenomena were observed. Further- 
more, it was found that uric acid quenched both the initial flash 
and the luminescent glow of luminol. 

Fig. 3 shows that chemiluminescence is temporarily quenched 
by addition of uric acid, and that subsequently a rebound of light 
emission occurs which overshoots in intensity that of the control 
at the corresponding time. Both the degree of quenching and 
the intensity of rebound chemiluminescence proved to be func- 
tions of the amount of uric acid added. These results suggest a 
competition of uric acid for the active oxidant involved in the 
chemiluminescent reaction, and a sparing action of uric acid upon 
luminol. That the initial flash may be due to hydroxyl radicals 
is suggested by the observation that uric acid also quenches the 
luminescent flash produced from luminol by known free radical- 
generating systems such as FeSO, + HO. 

In order to investigate further the possibility that hydroxyl 
radicals were involved in the peroxidative reaction, uric acid and 
peroxide were irradiated by ultraviolet light. Uric acid was 
oxidized to some extent in aqueous solution when exposed to 
ultraviolet light, but much more readily in the presence of per- 
oxide, and since peroxide is known to generate hydroxy] radicals 
when exposed to ultraviolet light (19), oxidation by hydroxyl 
radicals may be assumed (Table IV). The specificity of this 
system was superficially similar to that of the methemoglobin- 
peroxide system. Uric acid and 1,3,7-trimethyluric acid were 
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TaBLe IV 
Oxidation of uric acid by free radicals 
Each 3 ml contained: acetate buffer, pH 5.0, 200 umoles, phos- 
phate buffer, pH 7.4, 600 moles or glycine buffer, pH 9.4, 600 
umoles; uric acid, 0.25 umole; and H,O,, 9 moles, except as indi- 
cated. The quartz cuvettes (I-em light path) were exposed to 
ultraviolet light (90% at 2537 A) at room temperature in a dark- 
room, and readings of absorbancy at 292 my were made at 5-min- 
ute intervals. The control cells (“ Dark“) were wrapped in 


aluminum foil and kept in a dark cabinet except for periodic opti- 


cal density readings. 
Initial rate 
pH Dark Ultraviolet light 
min 
5.0 0.000 0.095 0.395 
7.4 0.003 0.096 0.505 
9.4 0.044 0.270 0.470 
TaBLe V 
Specificity of free radical reaction 


Conditions of this experiment were identical with those de- 
scribed in Table IV; acetate buffer, pH 5.0; purines, 0.25 umole 
each. Reaction was followed at a wave length of maximal ab- 
sorbancy of each compound. 


Initial rate 
| 
—A0Ddmaz/10 min 

0.395 0.005 0.300 
1,3,7-Trimethyluric acid....... 0.260 0.017 0.243 
1,3,7,9-Tetramethyluric acid. 0.089 0.013 0.076 
1,3,7-Trimethylxanthine.......| 0.070 0.000 0.070 


readily oxidized, whereas trimethylxanthine (caffeine) and 
tetramethyluric acid were considerably more resistant (Table V). 
However, caffeine and tetramethyluric acid were oxidized at a 
slow rate by hydroxyl radicals, whereas they were virtually un- 
affected by the methemoglobin-peroxide system. 

A second difference between the two systems emerged in the 
study of the effects of mannitol upon peroxidative uricolysis. 
The rate of uricolysis catalyzed by methemoglobin and HO, was 
not influenced by a 1000-fold excess of mannitol (0.1 u) over uric 
acid, whereas the rate of uricolysis catalyzed by H,O; and ultra- 
violet light was reduced by 64% by addition of the same excess 
of mannitol. 

DISCUSSION 


The studies of Agner (4, 5), Paul and Avi-Dor (6), and Canel- 
lakis et al. (7) have shown that uric acid is oxidized by peroxidase 
plus peroxide, and that the products of the reaction depend upon 
the buffer employed and the pH to which the reaction mixture is 
subsequently adjusted. With horseradish peroxidase the prod- 
ucts include alloxan at very acid pH (<1) and allantoin at pH 
3 to 7 (6,7). In the present study, allantoin was identified as a 
product of oxidation of uric acid by hematin plus peroxide at pH 
7.5. At this pH, the H,O; to uric acid molar ratio was greater 


Peroxidation of Uric Acids 


Vol. 235, No. 12 


than 1.0, and only part of the uric acid was recovered as allan- 
toin, suggesting oxidation beyond the stage of allantoin as also 
observed with peroxidases by Canellakis et al. 

The mechanism of peroxidation of uric acid has been studied 
by Paul and Avi-Dor (6) and by Canellakis et al. (7), both of 
whom consider the reaction a two-step dehydrogenation and 
regard a glycol derivative as a likely intermediary product: 


m ban 


The susceptibility of purines with substituted N-7 or N- 9 posi- 
tion to rapid oxidation by horseradish peroxidase plus peroxide 
or methemoglobin plus peroxide seems to preclude this mecha- 
nism as one of general applicability. Furthermore, a number of 
observations on the reaction between hemoproteins and hydrogen 
peroxide suggest possibilities of alternative mechanisms of 
oxidation. 

Methemoglobin and metmyoglobin form well defined red 
complexes with H,O; (28), which require 1 molecule of hydrogen 
peroxide per hematin iron atom. With reducing agents the com- 
plex is reduced back to methemoglobin or metmyoglobin. The 
complex has an oxidizing equivalent of 1. Hence, the full 
oxidizing equivalent of the peroxide can only be accounted for by 
assuming that some other oxidizing entity, also with 1 oxidizing 
equivalent, is produced during reaction of metmyoglobin with 
peroxide (27). George and Irvine (27, 28) have advanced evi- 
dence that the complex may be ferrylmyoglobin, a Fe“ ionic 
compound, and that the second oxidizing substance may be an 
OH radical. 

In the present study, methemoglobin plus peroxide form a sys- 
tem of 2 oxidizing equivalents, and spectral studies show forma- 
tion of a methemoglobin or hematin-peroxide complex. A light 
flash is obtained if luminol is present during formation of the com- 
plex, but not if luminol is added atter the complex has been 
formed. Uric acid quenches both the flash and the dull lumi- 
nescence after the flash; uric acid spares luminol from consump- 
tion in the latter experiment. 

These results suggest the following mechanism, somewhat 
analogous to that proposed by Bentley and Neuberger (29) for 
uricase. Because the products of oxidation of uric acid cata- 
lyzed by uricase or by peroxidase are identical when brought to 
the same pH (6), a related mechanism is not unlikely. 

It is suggested that the 8-oxo group, a component necessary 
for peroxidative attack, renders the N-9-hydrogen labile and 
makes this position susceptible to dehydrogenation by the 
methemoglobin-peroxide complex. The resultant uric acid 


CH. CH; 


react with an hydroxyl radical in one of two ways. (a) If the 


282 Z. 2 


ß. Z. 


subs 


3548 
—NH 
Don 
prot 
(Fig 
gen 
globi 


12812 


* Bees 


December 1960 


structure lost an electron to the hydroxy] radical, a carbonium 
ion of uric acid would result, and might undergo the reactions 
postulated by Bentley and Neuberger (29), leading to formation 
of allantoin. (6) If the structure added an hydroxyl radical, 
the sequence shown in Fig. 4 might result. The reaction III 
— IV would be favored in acid solution. The 3-membered 
lactone ring of IV would be strained, and would tend to open. 
Carbon 5 is a favored site for a carbonium ion (V), and by nucleo- 
philic attack by an unpaired electron of N-1, another 3-membered 
ring might form (VI). Electron shifts could now give rise to the 
carboxylic acid derivative (VIII). On the basis of this reaction 
mechanism one would predict that CO; lost from VIII (in the 
case of uric acid, VIII is the well established intermediate hy- 
droxyacetylenediurienecarboxylic acid) in formation of allantoin 
would contain oxygen derived from peroxide. Unfortunately, 
rapid exchange of hydroxyl with the aqueous medium (29) pre- 
cludes study of this point with O. 

Hydration of the 4,9 double bond could occur at any stage 
involving II to VII. Hydration of II or III would yield the 
glycol compound which Bilta (30) claimed to have isolated after 
oxidation of uric acid with chlorine in methanol, and which Paul 
and Avi-Dor (6) and Canellakis et al. (7) have postulated as an 
intermediate of oxidation of uric acid by peroxidase plus peroxide. 
Oxidation of 1,3,9-trimethyluric acid would involve primary 
oxidation at N-7, but this plus hydration would again yield the 
glycol intermediate, and permit accommodation within the hy- 
pothesis presented. Oxidation of uric acid by hydroxy] radicals 
generated from hydrogen peroxide by ultraviolet light was af- 
fected by mannitol, whereas that catalyzed by methemoglobin 
plus peroxide was not. This suggests that in the latter system 
the primary attack upon uric acid is that of dehydrogenation by 
the methemoglobin-peroxide complex rather than by an hydroxy] 
radical, and that the resultant urate radical has an affinity for the 
the hydroxyl radical so great that mannitol is an ineffective 
competitor. Fridovich has shown that uric acid is a much more 
effective radical chain stopper than mannitol in the sulfite-oxi- 
dizing system. 

The pH effects observed indicate that “enzymatic” dehydro- 
genation by horseradish peroxidase or methemoglobin can occur 
at acid pH, but that nonenzymatic dehydrogenation by hematin 
plus peroxide (or by hemoprotein plus peroxide at high pH) is 
facilitated in pH regions in which N-9 (or N-7) hydrogens are 
rendered readily dissociable. 

The pH optima suggest that the nondissociated uric acid 
molecule is the substrate for peroxidation catalyzed by horse- 
radish peroxidase or methemoglobin, whereas the urate mono- 
anion, and even more effectively the dianion may be the preferred 
substrate for peroxidation by hematin. At high pH values, the 
peroxidation mechanism could conceivably be identical with that 
involving uricase. 

The following over-all electron transfer sequence is postulated, 
suggesting that oxidation of uric acid is a two-electron, one- 
proton oxidation, rather than a two-stage dehydrogenation 
(Fig. 5). 


SUMMARY 
1. The oxidation of uric acid with methemoglobin and hydro- 
gen peroxide has been studied. Peroxidation with methemo- 
globin shows an optimum at pH 5, and at this pH methemoglobin 
? J. Fridovich, personal communication. 
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is as active as horseradish peroxidase, based on heme content. 
The prosthetic group, hematin, also catalyzes peroxidation, 
most actively in higher pH regions; above 7.4, hematin is more 
active than either 

2. A product of peroxidation of uric acid is allantoin. 

3. Experiments with a variety of purine analogues showed 
that prerequisites for oxidation were (a) an 8-oxo group and (b) 
at least one unsubstituted imidazole nitrogen. 

4. A reaction mechanism is proposed in which the initial oxi- 
dation is a dehydrogenation of the purine at N-9 (or N-7), cata- 
lyzed by a hematin-peroxide complex with one oxidising equiva- 
lent. The product is a urate radical which is then hydroxylated 
by an hydroxyl radical, formed from peroxide. This inter- 
mediate, after hydration by one molecule of water, rearranges to 
form allantoin. 
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In a search for possible therapeutic agents for alcoholism, a 
previous study led to the identification of glutamine as an agent 
that protected Streptococcus faecalis against growth inhibition 
caused by alcohol (1). In the present study, although glutamine 
did not exert a similar protection against alcohol inhibition of 
growth of a different organism, Lactobacillus arabinosus 17-5, 
prevention of growth inhibition of L. arabinosus caused by etha- 
nol was afforded by liver extract or other natural extracts. 
Isolation of the reversing agents in liver extract led to their 
identification as a group of ribonucleosides. Protection of L. 
arabinosus against growth inhibition by ethanol (over a limited 
range of concentrations) was afforded by adenosine, guanosine, 
inosine (ribosyl hypoxanthine), ribosyl 5-amino-4-imidaszole- 
carboxamide, cytidine, or uridine. 


EXPERIMENTAL PROCEDURE 


Bacterial Assay Methods—Cultures of Lactobacillus arabinosus 
17-5 (ATCC No. 8014) were maintained in yeast extract-glucose- 
agar stab culture tubes by conventional bacteriological proce- 
dures. Cells for inoculation of assay medium were grown in 
yeast extract-peptone medium (2) for 24 hours at 30°, the 
culture was then centrifuged, and the cells were resuspended in 
sterile 0.85% sodium chloride solution. Younger, exponentially 
growing cultures of the organism have been found to be less 
sensitive to growth inhibition by alcohol, and their use for the 
present purpose should therefore be avoided. Samples to be 
tested were included in a volume of 1.5 ml of boiled distilled 
water per tube, in 20 X 150-mm Pyrex tubes without lips, which 
were then capped and sterilized by steaming for 10 minutes. The 
medium, composed of 5 volumes of double strength medium 
diluted with 3.0 volumes of water, adjusted to pH 6.8, and 
containing all components except the glutamine, pyridoxal, and 
alcohol, was sterilized in a cotton-plugged flask by autoclaving 
at 15 pounds pressure for 5 minutes, and was thereafter cooled to 
room temperature, and supplements of glutamine (sufficient 
sterile solution, 10 mg per ml, to provide 100 ng per 10-ml assay 
tube), and pyridoxal (sterile solution, 1 mg per ml, to provide 
10 ug per 10-ml tube) were added with sterile pipettes. The 
medium was inoculated with an appropriate dilution of the heavy 
suspension of cells in 0.85% sodium chloride solution (diluted to 
provide approximately 10,000 cells per 10-ml tube), and ethanol 
or other alcohol then added in amounts as indicated elsewhere. 
With sterile pipettes, 8.5 ml of inoculated medium was then 
added to each assay tube, making a final volume of 10.0 ml per 


* Rosalie B. Hite Predoctoral Fellow, 1959 to 1960. 


tube. 
mined turbidimetrically. 

Ethanol concentrations in representative tubes were measured 
at the end of the incubation period by centrifugation to remove 
cells followed by precise boiling point determinations, which were 
compared with similarly determined boiling points of dilute 
ethanol-water standards. 

Assay Medium—Double strength basal medium was prepared 
as described previously (3), with the exceptions that (a) the 
tabulated amounts of vitamins were dissolved in 30 instead of 
100 ml of 50% ethanol-water, (b) calcium D-pantothenate (3 mg/ 
30 ml of vitamin supplement) was included, and (e) the casein 
acid hydrolysate used was the salt-free grade supplied by the 
Nutritional Biochemicals Corporation (11 g/1000 ml of double 
strength medium). 

Naturally Occurring Principles That Prevent Ethanol Inhibition 
of Growth—A survey of source materials with the L. arabinosus 
assay described indicated that growth inhibition caused by 5.0% 
ethanol is prevented by a hot water extract of beef liver (1.5 mg 
of solids per 10 ml required for half-maximal growth), or by other 
extracts including corn steep liquor (1.8 mg), Difco malt extract 
(2 mg) and Difco yeast extract (2 mg). The hot water extract 
of liver was used as the source material for concentration of 
active principles. 

Concentration and Identification of Active Fresh 
beef liver (3.7 kg wet weight) was homogenized with 3.7 liters of 
water; the homogenate was steamed for 30 minutes, and then 
filtered through Hyflo Super-Cel (Johns-Manville Company). 
The insoluble residue was washed with boiling water, and the 
washings were combined with the filtrate; the total volume was 
12.6 liters, containing 214 g of solids. This hot water extract 
(12.6 liters) was adjusted to pH 11, cooled to 0°, and stirred with 
171 g of activated charcoal (Darco G-60, Atlas Powder Company) 
for 2 hours. The mixture was filtered; the liquid upon assay 
showed no appreciable activity. The charcoal was washed with 
1500 ml of cold water; no activity was contained in the wash 
with 4200 ml batches of 50% ethanol-water at boiling tempera- 
ture; the eluates were recovered by filtration through a steam- 
an activity recovery of about 95%, and contained about 11 g of 
solids. Alcohol was removed from the combined charcoal 
eluate by evaporation to 2200 ml under reduced pressure. 

A portion (25 ml, containing about 125 mg of solids) of the 
latter charcoal eluate was evaporated to dryness, and the solid 
residue extracted with 125 ml of boiling 95% ethanol by stirring 
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TaBie I 
Properties of Magnesol column effluent fractions 
Rp e 
t 
Fraction No. * Biological activity? 
A B A B n 
% mp 
172 None * 
344 31 260 0.40 | 0.63 0.40 0.63 Uridine 0 
54 6 16 260 (weak) 8 
778 29 249-255 0.42 | 0.46 0.42 0.46 Inosine ef 
+0.35 (weak) Guanosine le 
9+ 10 22 240-270 0.42 | 0.37 0.42 0.37 Guanosine T 
+0. 54 12 +0.68 Cytidine * 
70.79 170. 15 Adenosine ta 
Known compounds * 
Adenosine 259 0.81 | 0.15 0.81 0.15 ok 
Guanosine 252 0.42 | 0.35 0.42 0.35 
Inosine 248 0.41 | 0.49 0.41 0.46 = 
Cytidine 271 0.56 | 0.69 0.58 0.69 ay 
Uridine 261 0.43 | 0.65 0.43 0.63 


* Fractions of 100 ml; biological activities determined separately were added in pairs as tabulated. 

* Determined by microbiological assay with L. arabinosus as described above. All samples for assay that contained alcohol were 
evaporated to dryness and redissolved in water to avoid introduction of alcohol into the assay tubes with the samples. 

¢ Determined approximately with Beckman model DK-2 spectrophotometer. Spectra of the known compounds in 0.05 uu solution 
at pH 6 to 7 were obtained with the same machine for comparison. 

Ultraviolet quenching zones were located visually with a Mineralight source, model SL-2537. For paper chromatography, the 
column fractions were combined in pairs as indicated before use. 

* Bioautographic growth zones were obtained by placing paper chromatogram on the surface of gelled medium (2% agar) of the 
same final composition and inoculation as described for the L. arabinosus assay (5.0% ethanol), with removal of the paper after 10 
minutes, covering of the first agar medium layer with an overlay of 2% plain agar-water-5% ethanol to minimize alcohol evaporation, 
and incubation at 30°. The amount of each known compound applied to a paper chromatogram for bioautographic detection was 100 
ug per sample. 

4 Solvent compositions: A. isobutyric acid-concentrated ammonium hydroxide- , 66:1:33. B. O. I u sodium phosphate, pH 6.8. 
ammonium sulfate-n-propyl alcohol, 11:60:2. 


for 30 minutes. The liquid phase was removed and evaporated Taste II 
to 50 ml of solution, which was then allowed to run through a Reversal by liver extract or by ribonucleosides of inhibition 
column formed from a slurry of equal volumes of Magnesol caused by ethanol 


(Westvaco Chemical Division, Food Machinery and Chemical The organism was L. arabinosus 17-5, incubated 24 hours st 
Corporation) and Hyflo Super-Cel in 95% ethanol, with final 30°. The medium used was described in Experimental Pro- 
dimensions after settling of 3 cm in diameter and 22 cm in height. cedure,” and contained 5.0% ethanol, volume for volume. 


— 
> 


The column was developed first with 95% ethanol (Fractions 1 Gel ; u G 
through 6, 100 ml each), then successively with 75% ethanol weit Alus arab 
(Fractions 7 and 8) and 50% ethanol (Fractions 9 and 10). Tab 
Bioassay, spectral, and paper chromatographic data for these e U — | pyr 
fractions are shown in Table I, with tentative identifications of 2/10 mi only 
the active components. 0 1 1 inosi 

RESULTS AND DISCUSSION 5 | 43 | 47 | 10 | 2 | 47 | | 

Reversal by Ribonucleosides of Inhibition Ererted by Ethanol — 1 66 57 | 6 622 2 72 don 
With the described L. arabinosus assay (5.0% ethanol), growth 50 87 | 50 | 55 | 64 3 69 | 70 tions 
is restored by the addition of any of certain individual ribonu- 90 42 ribon 
cleosides, as indicated in Table II. The medium for this experi- 150 74 condi 
ment contained a supplement of adenine, guanine, and uracil. 300 81 ribon 
Upon omission of these three compounds from the medium, it — i co 


was found that growth still occurs in the absence of ethanol, and * Distilled water reads O; an opaque object 100. 
is strongly inhibited by 5.0% ethanol, but such inhibition is only * AICA = 5-amino-4-imidazolecarboxamide. 
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partially reversed by any single ribonucleoside among those 
tested (adenosine, guanosine, inosine, cytidine, uridine). How- 
ever, in the absence of adenine, guanine, and uracil, a combina- 
tion of a ribosyl purine with a ribosyl pyrimidine (e.g. inosine 
plus uridine, Table III) affords complete reversal of inhibition. 
In the presence of a supplement of adenine alone in the medium, 
inhibition of growth by ethanol is reversed by cytidine or even 
more effectively by uridine (Table III), but only weakly by 
ribosyl purines tested (inosine, Table III, and in similar experi- 
ments not tabulated, guanosine or adenosine). In the presence 
of a supplement of uracil alone in the medium, inhibition of 
growth by ethanol is reversed by adenosine or inosine (and less 
effectively by guanosine, which appears somewhat toxic at high 
levels), but is reversed only slightly by cytidine or uridine. 
Thus, it appears that growth of this organism in the presence of 
an inhibitory level of ethanol is rendered possible by the simul- 
taneous presence of (a) a purine and pyrimidine supply, and (6) 
a supply of a ribosyl compound which may consist of the ribonu- 
cleoside of either the purine base or the pyrimidine base (but not 
requisitely both) satisfying Condition a. Apparently, the 
availability of purines and pyrimidines conjugated with ribosyl 
groups is reduced in the presence of ethanol, although trans- 
ribosylation among purine and pyrimidine bases and their 
ribonucleosides (including ribosyl aminoimidazolecarboxamide 
as an effective ribosyl group source) is not impeded by ethanol. 
It may be noted that 5-ribosyl uracil! is inactive, so that trans- 
ribosylation from this compound apparently does not occur 
under these conditions. Although the group of ribonucleosides 
that reverse inhibition by ethanol contains a variety of bases, it 
is not unlimited, inasmuch as xanthosine is inactive (Table II), 
and ribosyl thymine? is only weakly active. 

The reversing action of a combination of inosine and uridine 
upon inhibition by ethanol (in a medium containing no purine or 
pyrimidine supplement) is not competitive in its relationship to 
the concentration of ethanol, inasmuch as the inosine-uridine 
supplement is much more effective in reversing growth inhibition 


erxerted by low concentrations of ethanol than in reversing inhi- 
dition by high levels. Thus, a defined growth response produced 


by 0.5 wg each of inosine and uridine in the presence of 2.0% 
ethanol is duplicated by 20 times as much inosine-uridine supple- 
ment (10 ug each per 10 ml) in the presence of 4.0% ethanol, but 
even a 200-fold increase in the supplement (100 ug each per 10 
ml) produces no reversal of growth inhibition in the presence of 
7.0% or more ethanol. 

Glutamine does not reverse the inhibition of growth of L. 
arabinosus by 5.0% ethanol in the presence (as indicated in 
Table IV) or in the absence of a supplement of purine and 
pyrimidine bases. Glutamine, at this ethanol concentration, 
only slightly enhances the reversing effect of a supplement of 
inosine plus uridine (Table IV). However, at a somewhat lower 
concentration of ethanol, e.g. 3.0% (Table IV), glutamine par- 
tially prevents the inhibition by alcohol in the absence of a 
ribonucleoside supplement, and at the 3.0 and 4.0% concentra- 
tions of ethanol, glutamine enhances the reversing effect of the 
ribonucleosides upon growth inhibition. Thus, under the 
conditions of the assay with L. arabinosus (5.0% ethanol), 
ribonucleosides and not glutamine appear to be growth limiting, 
in contrast to the previously reported assay with S. faecalis (1) 


Sample generously furnished by Dr. W. E. Cohn. 
Sample generous! 


y furnished by Dr. Jack J. Fox. 


E. M. Lansford, Jr., I. D. Hill, and W. Shive 


The organism was L. arabinosus 17-5, incubated 24 hours at 
30°. The medium was as described under “Experimental Pro- 
cedure, except purine-pyrimidine supplement was modified as 
tabulated, and contained 5.0% ethanol. 


Supplements Galvonometer readings® 
Amount of variable supplement 
Constant Variable 
| 5 10 20 50 
20 pg/10 mi mg cach compound /!10 mi tube 
None Inosine 4 5 3 
Uridine 12 23 26 
Inosine + 65 79 82 83 
uridine 
Adenine Inosine 4 4 5 
Cytidine 53 58 58 64 
Uridine 59 71 85 89 
Guanine Inosine 4 21 21 21 26 
Cytidine 32 31 30 39 
Uridine 40 49 51 50 
Uracil Adenosine 4 75 82 84 85 
Guanosine 47 56 58 49 
Inosine 66 75 82 85 
Cytidine 6 |} 13 | 18 | 2 
* Distilled water reads O; opaque object 100. 
Taste IV 
Comparative effects of glutamine and ribonucleosides upon growth 
inhibition caused by ethanol 


The organism was L. arabinosus 17-5, incubated 23 hours at 
30°. The medium was as described under “Experimental Pro- 
cedure, except that glutamine was included only as tabulated. 


Galvanometer readin gs* 
Ethanol concentration Without glutamine (100 pg/10 ml) 
o 1+v* 0 
% 
0 86 84 93 93 
3.0 31 77 49 8⁴ 
4.0 2 48 2 68 
5.0 2 36 2 42 
7.0 2 2 2 6 


* Distilled water reads O; an opaque object 100. 
O indicates absence of any ribonucleoside supplement; I + U 
indicates inosine plus uridine (50 ug each per 10 ml) supplement. 


in which glutamine appeared to be the primary growth-limiting 
factor. In view of the results with L. arabinosus, a possible 
enhancement by ribonucleosides of the reversal by glutamine of 
alcohol inhibition of S. faecalis was sought, but the addition to 
the latter system of a supplement of inosine plus uridine (50 ug 
of each per 10 ml) produces only a slight augmentation of the 
reversing effect of 10 or 100 ug of t-glutamine per 10 ml; this 
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ribonucleoside supplement alone shows no reversing effect in the 
S. faecalis assay as previously described (1). In the S. faecalis 
assay, a supplement of 20 ug each of adenosine, guanosine, in- 
osine, cytidine, and uridine (per 10 ml) is no more effective than 
the inosine-uridine supplement in enhancing the reversal of in- 
hibition exerted by 10 or 100 yg of t-glutamine per 10 ml. 

Inactive Compounds—With the use of the L. arabinosus assay 
(5.0% ethanol), the following compounds were found inactive 
for prevention of inhibition exerted by ethanol, when tested 
individually over the indicated concentration range, per 10 ml: 
3’-AMP, 5’-AMP, cytosine, cytidylic acid, 5’°-CMP, deoxyaden- 
osine, deoxycytidine, deoxyguanosine, deoxyribosyl hypoxan- 
thine, deoxyuridine, 2 ,6-diaminopurine, guanylic acid, 5-GM, 
hypoxanthine, 5’-IMP, 5-methylcytosine, 5-methyldeoxycytidine, 
orotic acid, thymidine, dTMP, thymidine 3’ , 5’-diphosphate, uric 
acid, uridylic acid, 5- UMP, xanthine, xanthosine, sperm DNA, 
RNA, p- ribose, and 5-ribosyl uracil (“pseudouridine’’), each 5 
to 50 ug; choline chloride, 2 to 20 ug; a-ketoglutaric acid, 10 to 100 
ug; glucosamine, 10 to 100 g; glutathione, 10 to 100 yg; lipoic 
acid, 0.04 ug; mevalonic acid, 2 to 20 ug; pantethine, 0.4 ug; pyri- 
doxamine, 1 to 50 ug; quinic acid, 10 to 100 yg; shikimic acid, 
10 to 100 yg; vitamin Bis, 0.02 ug. 

Reversal of Inhibition Caused by Other Alcohols—The effect of 
various simple alcohols upon growth of L. arabinosus in the bio- 
assay medium described above is indicated in Table V. In the 
case of each alcohol tested, appreciable reversal of the inhibitory 
effect is produced by a supplement of inosine plus uridine (100 
ug of each per 10 ml). 

Metabolic Site of Alcohol Tozicity—Since a ribonucleoside to- 
gether with a source of purines and pyrimidines are essential for 
reversal of growth inhibition exerted by alcohol, it appears that 
either the biogenesis of these precursors of nucleic acids is inhi- 


TABLE V 
Growth inhibition by various alcohols and reversal by 
ribonucleoside supplement 
The organism was L. arabinosus 17-5, incubated 24 hours at 
30°. The medium was as described under Experimental Pro- 
cedure, except that no adenine-guanine-uracil supplement was 
included. 


Galvanometer readings® 
Alcohot | Methyl | Ethyl Butyl 
E > > > > > > 

o [ 
ml /10-ml 
tube 
0.01 92 74 77 92 64 92 
0.05 91 93; 9 90 
0.1 89 63 91; 7 61 59) 91 13 
0.3 31| 83 18 27 68 4 1 4 
0.5 171 64 1 1 
0.7 3 1 2 3 3 
0.9 11 2 


* Distilled water reads O; an opaque object 100. 

*O indicates no purine-pyrimidine supplement in medium; 
I + U indicates supplement of inosine plus uridine, 100 ug each 
per 10 ml. 
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bited by alcohol, or that alcohol induces a requirement for a 
greater amount of these precursors than the organism can syn- 
thesize. Since free purine and pyrimidine bases stimulate growth 
of L. arabinosus (in the absence of ribonucleosides and of alcohol), 
and are utilizable by the organism in the presence of an inhibitory 
level of alcohol (as shown for the individual bases adenine, 
guanine, and uracil by the data of Table III), the inhibition of 
biosynthetic steps by alcohol appears more probable. In this 
case, it may be supposed that alcohols impede the biosynthesis 
of ribosyl conjugates of purine and pyrimidine bases in L. 
arabinosus, either by interfering with the formation of phos- 
phoribosylpyrophosphate, the donor of phosphoribosyl groups 
common to both purine and pyrimidine nucleotide biosynthesis, 
or by interfering in the interaction of phosphoribosylpyrophos- 
phate with appropriate precursors of purines (46) and pyrimi- 
dines (7). This interpretation involves the assumption that in 
L. arabinosus the biosynthetic pathways of these nucleotides are 
closely analogous to those established for the tissues studied in the 
references cited (4-7). The inactivity of nucleoside phosphates 
in preventing inhibition by ethanol of growth of L. arabinosus 
may be attributed to the failure of this organism to assimilate the 
phosphorylated derivatives as exogenous purine or pyrimidine 
sources, and is thus compatible with the concept of alcohol inter- 
ference with phosphoribosylation in nucleotide biosynthesis. 
The inability of L. arabinosus to assimilate phosphorylated purine 
or pyrimidine derivatives is exemplified by the inactivity of 
thymidylic acid in replacing the requirement for thymidine under 
appropriate conditions (8) as well as by other experiments in this 
laboratory.“ Studies in vitro with individual enzymes to local- 
ize such possible actions of alcohol are in progress. 

An alternative possibility is that alcohols promote the loss of 
nucleic acid components via leakage through the cell membrane, 
a process shown (9) to be promoted by a variety of conditions in 
the case of vitamin Be-deficient L. arabinosus cells. A third 
interpretation, postulating a stimulation by ribonucleosides of 
ethanol destruction or detoxification in the cultures showing 
reversal of growth inhibition, appears to be eliminated by meas- 
urements of ethanol concentration in assay tubes at the end of the 
incubation period. Other than a uniform depletion of ethanol 
from the initial 5.0% concentration to approximately 4.2% in all 
assay tubes, presumably due to evaporation during incubation, 
no relative depletion in ethanol concentration was observed in 
tubes containing a ribonucleoside supplement (showing heavy 
bacterial growth), as compared to tubes containing no ribo- 
nucleoside supplement (showing little growth). 


The inhibition of growth of Lactobacillus arabinosus 17-5 
produced by ethanol (5.0%) or other simple alcohols is prevented 
by a hot water extract of beef liver, or by any of several ribo- 
nucleosides, including adenosine, guanosine, inosine, cytidine, 
and uridine, which were identified as the active principles in the 
liver extract. Prevention of inhibition caused by ethanol re- 
quires the combined presence of a free purine base (or ribosyl 
purine) with a ribosyl pyrimidine, or a free pyrimidine base with 
a ribosyl purine. Possible interpretations of these data include 
the suppositions that phosphoribosy lation i in nucleotide biosyn- 
thesis (but not transribosylation) i is impeded by alcohol in this 
organism, assuming that nucleotide biosynthesis follows the 


W. Shive and J. M. Ravel, unpublished results. 
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e Enzymatic Deamination of 6-Aminopyrimidine 
Deoxyribonucleotides 


II. PURIFICATION AND PROPERTIES OF A 6-AMINOPYRIMIDINE DEOXYRIBONUCLEOSIDE 
‘-PHOSPHATE DEAMINASE FROM UNFERTILIZED EGGS OF SEA URCHINS* 


Epvuarpo Scarano, Luisa Bonapuce, AND Benita DE PETROCELLIS 
Stazione Zoologica, Naples and Institute of Human Physiology, University of Naples, Italy 
(Received for publication, May 10, 1960) 


It has been found that extracts from unfertilized eggs and 
from embryos of sea urchins catalyze specifically the hydro- 
lytic deamination of 2’-deoxyribosyl cytosine 5’-phosphate to 
2’-deoxyribosyl uracil 5’-phosphate (2), of CH:dCMP to 
2’-deoxyribosyl thymine 5’-phosphate (3) and of CH,OH- 
dCMP to CH;OH-dUMP (1). Distribution studies showed 
that the deamination of dCMP and of CH;-dCMP is catalyzed 
by several tissues of warm-blooded animals (1), and that the 
unfertilized sea urchin eggs are the richest source of the enzyme. 

In the present paper a method is described for the partial 
purification from unfertilized eggs of Sphaerechinus granularis 
and of Paracentrotus lividus of an enzyme that catalyzes the 
hydrolytic deamination of dCMP, CH sdCMP, and CH- OH- 


to resolve separate for d CM, CHsdCMP, and 
CH,OH-dCMP. Although resolution into separate enzymes 
upon further purification might be possible, the data reported 
in this paper seem to exclude this possibility. 

The enzyme will be referred to as 6-aminopyrimidine deoxy- 
ribonucleoside 5’-phosphate deaminase.’ 


EXPERIMENTAL PROCEDURE 


Reagents—dCMP, CH;-dCMP, dAMP, dGMP, dTMP, de- 
oxycytidine, deoxyuridine, 5-methyldeoxycytidine, 2’ ,3’-CMP, 
2’,3’-UMP, 2’,3’-GMP, cytosine, 5-methyleytoeine, uracil, 
thymine, cytidine, uridine, and inosine were products of the 
California Corporation for Biochemical Research. AMP, GMP, 
CMP, dCDP, dCTP, and Tris were obtained from Sigma Chemi- 
cal Company. Samples of CH- OH-dCM were kindly pro- 
vided by Dr. S. B. Zimmerman and Miss H. D. Barner. The 
nucleotide was prepared in the laboratories of Dr. A. Kornberg 
and of Dr. S. S. Cohen by the action of the deoxycytidylate 
hydroxymethylase (4), followed by ion exchange chromatog- 
raphy on Dowex I- acetate. Samples of synthetic deoxycytidine 


* The investigation was supported by Research Grant No. 
C-3401 from the National ¢ Cancer Institute of the United States 
Public Health Service. Preceding paper of this series (1). 

Presented in part at the XXVIII Assemblea Generale della 
, Salsomaggiore, October 


1 In the present series of papers the pyrimidine ring has been 
numbered according to the Fischer system. In the newer official 
terminology the numbering would be 4-aminopyrimidine. 


3’-phosphate were generously sent to us by Dr. L. Cunningham 
and Dr. H. G. Khorana. dUMP was prepared from dCMP by 
deamination with nitrous acid (1). Calcium phosphate gel was 
prepared as described by Tiselius (5). DEAE-cellulose was 
purchased from Eastman Organic Chemicals, Rochester, New 
York, and alumina gel Cy after Willstätter from Dr. Theodor 
Schuchardt, Miinchen. Other reagents were analytical reagent 


grade. 

Chemical Determinations—I 
tions were carried out by the method of Gomori (6). Deoxy- 
ribose was determined by Brody’s method (7). The correspond- 
ing deoxyribonucleotides, standardized by total phosphate 
analysis, were used as standards. The orcinol method of Mej- 
baum (8) was used for ribose determinations. Ammonia was 
determined colorimetrically with the Nessler reagent prepared 
after the formula of Bock and Benedict (9). Proteins were 
determined with the Folin-Ciocalteau reagent as described by 
Lowry et al. (10); a standard of crystalline serum albumin from 
Armour Laboratories was used. The spectrophotometric de- 
terminations were made with a Beckman model DU spectro- 


photometer. 
Ion Exchange 


(11). 

Paper Chromatography—aAll the paper chromatograms were 
developed by the descending method. The solvents were pre- 
pared as previously described (1). 

Enzyme Assay—The purification procedure was routinely 
followed by assaying the CH;-dCMP deaminase activity of the 
fractions. Two assays were used. Assay 1 has been already 
described (1) and was used up to the alumina gel adsorption 
step. One unit of enzyme is defined as the amount of enzyme 
causing a decrease in the absorbancy at 290 my of 0.001 per 10 
minutes under the conditions of the assay. 

In Assay 2, the rate of CH;-dCMP deamination was followed 
as the decrease in absorbancy at a wave length of 295 my by 
measuring the absorbancy of the incubation mixture at 20° in 
quarts microcells (d = 1.0 cm) in the Beckman spectrophoton- 
eter. The composition of the reaction mixture was as follows: 
2 mu CH;-dCMP, 0.025 ml; 0.2 u Tris buffer, pH 7.3, 0.150 ml; 
enzyme from 30 to 120 units; H,O to a final volume of 0.3 ml. 
The final concentration of CHsdCMP was 0.167 mm. One 


unit of enzyme is taken as the amount of enzyme causing 8 


SESS F. 3838 T1 Y 


Chromatography Separation by ion exchange 

nee. chromatography was carried out essentially according to Cohn 
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decrease in the absorbancy at 295 my of 0.0005 per minute 
under the conditions of the assay. When the enzyme solution 
was 0.020 ml of a calcium phosphate gel eluate 1, with a specific 
activity of 3000, containing 0.9 mg of protein per ml, the de- 
crease of absorbancy at 295 my was linear and followed the equa- 
tion A (absorbancy) = 0.680 — 0.027 t (minutes); the rate of 
change of absorbancy was linear with respect to amount of pro- 
tein added, following the equation AA (per minute) = 0.0015 
ug of protein. The units as defined for the two assay procedures 
are equivalent. 

All the ensymatic fractions were also assayed for dCMP de- 
aminase activity with use of the assay described earlier (1). 

The fractions from the DEAE-cellulose column were assayed 
for (CMP deaminase activity with an assay similar to the 
CH;-dCMP deaminase Assay 2; the dCMP concentration in the 
assay mixture was 0.33 mm and the absorbancy decrease was 
followed at 286 mu. 

Purification Procedures 

All operations were carried out at about 0°. 

Step 1. Centrifuged Homogenate—Eggs were collected by 
shaking the ovaries in filtered sea water. The eggs were passed 
through bolting silk, washed once with filtered sea water, and 
twice with a solution of 0.65 1 NaCl. The washings were done 
very carefully in order to keep the eggs intact. During the 
washings, the eggs were sedimented by centrifugation with head 
No. 845 in an International model PR-2 refrigerated centrifuge 
at 1800 r.p.m. for 10 minutes. 

Washed and sedimented eggs, 80 ml, were suspended in 750 
ml of phosphate buffer, 0.1 u, pH 7.3. The suspension was 
homogenized for 10 minutes in a Waring Blendor at a very low 
speed to avoid foaming. The homogenate was centrifuged in a 
Spinco preparative ultracentrifuge (head No. 21 at 18,000 r.p.m. 
for 69 minutes) and the sediment was discarded. The slightly 
turbid supernatant, which we call centrifuged homogenate, was 
saved for the next step. 

Step 2. Ammonium Sulfate Fractionation—Finely powdered 
solid ammonium sulfate was added slowly to the centrifuged 
homogenate with mechanical stirring in the proportion of 209 g 
per liter. After being stirred for an additional 45 minutes, the 
mixture was centrifuged in a Spinco preparative ultracentrifuge 
(head No. 21, at 18,000 r.p.m. for 40 minutes) and the precipi- 
tate was discarded. Ammonium sulfate, 129 g per liter, was 
added slowly with mechanical stirring to the supernatant solu- 
tion. After an additional stirring for 45 minutes, the precipitate 
was collected by centrifugation as above and the clear superna- 
tant fluid was discarded. The precipitate was dissolved in 
phosphate buffer, 0.1 u, pH 7.3; the protein concentration of the 
solution was about 15 mg per ml. The solution was dialyzed 
against 0.05 u phosphate buffer, pH 7.3; the outside solution 
was changed several times and the dialysis was stopped when 
the sulfate ions were removed. 

Step 3. Alumina Gel Adsorption—The dialyzed solution from 
the preceding step was brought to pH 5.5 by slow addition under 
mechanical stirring of 0.3 M acetic acid. The precipitate formed 
was removed by centrifugation (head No. 855, International 
model PR-2 refrigerated centrifuge, at 8000 r.p.m. for 15 min- 
utes) and discarded. The protein concentration of the superna- 
tant solution was brought to 7 mg per ml by addition of 0.1 1 
sodium acetate buffer, pH 5.5. To the solution a suspension of 
alumina gel containing 20 mg per ml was added slowly, with 
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mechanical stirring in the proportion of 0.4 ml/10 ml of the 


7.3, with about one-seventh the volume of the solution at pH 
5.5. After stirring for 15 minutes the suspension was centri- 
fuged and the supernatant, alumina gel eluate 1, was saved for 
further purification. The gel was eluted a second time as above 
to give alumina eluate 2. The second eluate was not used for 
further purification and was collected to study the ratio dCMP- 
deaminase activity over CH;-dCMP-deaminase activity in as 
many fractions as possible. In every case, the alumina gel was 
collected by centrifugation as above for 10 minutes. 

Step 4. Calcium Phosphate Gel Adsorption—The alumina 
eluate 1 was brought to pH 6 with 0.3 & acetic acid and a sus- 
pension of calcium phosphate gel containing 24 mg per ml was 
added slowly, with mechanical stirring, in the proportion of 1.5 
ml/ lo ml of enzyme solution. After being stirred for an addi- 
tional 15 minutes, the mixture was centrifuged and the superna- 
tant discarded. The gel was resuspended in 0.1 u phosphate 
buffer, pH 7.3, with one-fourth the volume of the alumina eluate 
1. After being stirred for 15 minutes, the suspension was cen- 
trifuged and the supernatant, calcium phosphate gel eluate 1, 
was saved for further purification. The gel was eluted a second 
time as above to give calcium phosphate gel eluate 2. The 
calcium phosphate gel was collected in every case by centrifuga- 
tion (head No. 296 International model PR-2 refrigerated cen- 
trifuge, at 14,000 r.p.m. for 10 minutes). 

Step 5. Chromatography on DEAE-Celluloee—DEAE-cellu- 
lose, 500 mg, was suspended in 50 ml of H,O and light particles 
which did not settle within 10 minutes were removed by aspira- 
tion. The cellulose was resuspended in H,O packed into a 
column, 1.2 & 14 em, and washed with 100 ml of 0.25 , NaOH 
and then H,O until the effluent was neutral. The column was 
washed with a large volume of 0.1 u phosphate buffer, pH 7.3, 
in order to obtain the cellulose in the phosphate form. Of the 
enzyme solution from the previous step, 2 ml, containing 11.2 
mg of protein and 50,000 units, were passed through the column. 
The column was washed with 10 ml of phosphate buffer 0.1 u, 
pH 7.3. A linear gradient elution from 0.1 u phosphate buffer 
(pH 7.3) to 0.3 u phosphate buffer (pH 7.3) was then started; 
at the beginning of the gradient elution, the mixing flask and 
the reservoir each contained 50 ml of the respective buffer solu- 
tions. Throughout the column chromatography, a rate of 5 ml 
per 30 minutes was maintained by regulating the dropping from 
the tip of the column, and 5 ml fractions were collected. The 
elution of protein was followed spectrophotometrically by de- 
termining the absorbancy at 280 my. The elution pattern is 
described in Fig. 1. 

The purification procedure was worked out with unfertilized 


enzyme from unfertilized eggs of P. lividus, Table II. The ratio 
of the dCMP over the CHsdCMP deaminase activity in the 
enzyme fractions from P. lividus differs from that in the ensyme 
fractions from S. granularis. In both instances however, the 
ratio remains constant in every fraction. 

The purification procedure has been repeated several times 
with unfertilized eggs of S. granularis and in one case a 1000-fold 
purification was obtained. 
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was collected by centrifugation, and the supernatant was dis- 
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eggs of S. granularis, Table I. 
The same procedure up to, but not including, chromatog- 
raphy on the DEAE-cellulose column was used to purify the 


Fig. 1. Elution diagram on DEAE-cellulose of the enzyme from 


S. granularis. The enzyme activities are per milliliter of eluate. 


Details are given in the text. 


TABLE I 
Purification of ‘midine d leotide deami 
from unfertilized eggs of S. granularis 


wnits/ % 
protein 
1. Centrifuged homogenate. .|750 1, 000 10 100 100 1.0 
2. (NH.) S0. fractionation. 92 6, 00015 73 1.0 
3. Alumina gel eluate 1..... 30 | 9, 3.75 2, 36 | 1.0 
Alumina gel eluate 2..... 30 | 2, 2 1, 11; 1.0 
4. Calcium phosphate gel 
8 2, 5.64, 24 1.0 
Calcium phosphate gel 
6 | 6, 3.5 1, 5 | 1.0 
5. DEAE-cellulose chroma- 
tography.............. 5 5, 0.09155, 13*| 1.0 


* The yield for this step has been calculated taking into account 
that only one-fourth of the total units from the previous step were 
used. 


Properties of Enzymes 

Stability of Enzyme Preparations of S. granularis—The centri- 
fuged homogenate at 4° loses about half of its activity in 24 
hours. The dialyzed ammonium sulfate fraction can be kept 
frozen for a long time; a preparation at this stage lost about 
30% of its activity in 6 months. The alumina and the calcium 
phosphate gel eluates can be kept frozen for a few days without 
too much loss of activity. The DEAE-cellulose eluate fractions 
lose about 50% of their activity in 5 hours. 

Stoichiometry and Equilibrium The stoichiometry of the de- 
amination of dCMP and of CH;-dCMP was studied with the 
enzyme from S. granularis at the calcium phosphate gel step, 
eluate 1. The spectrophotometric determination of the de- 
amination of the nucleotides, the colorimetric determination of 
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TABLE II 
Purification of aminopyrimidine deozynucleotide deaminase 
from P. lividus 
spe ‘fic dCMP 
Step ume | perm | teln leccivity | Wield 
protein 
1. Centrifuged homogenate. .'740 5.7 150 100 | 0.2 
2. (NH,)2SO, fractionation. .|120 4, 500 15.6 290 86 | 0.2 
3. Alumina gel eluate 1..... 21 | 8, 4.0 2, 150 29 | 0.2 
Alumina gel eluate 2..... 10 | 2, 1.2 2, 350 4.5 0.2 
4. Calcium phosphate gel 
. 6 16, 4.0 4, 100 16 | 0.2 
Caleium phosphate gel 
eluate 2............... 5 | 8,200| 2.3 8.550 6.5 0.2 


NH, production and the quantitative isolation on a Dower 
I- chloride column of the products were carried out on suitable 
aliquots of a single incubation mixture. Table III summarises 
the experiments. 

dUMP and dTMP, isolated from the incubation mixtures, 
were identified as previously described (1). 

Effect of Substrate Concentration—The velocity of deamination 
was determined for various concentrations of dCMP, CH; 
dCMP and CH,OH-dCMP at pH 7.3 and at 20°, with the en- 
zyme from S. granularis at the calcium phosphate gel step, 
eluate 1. The Michaelis-Menten constant, K., for CH3;-dCMP 


was calculated, according to Lineweaver and Burk (12), to be 


0.27 mm. In the experiments from which the K,, for CH; 
dCMP was derived, we used 120 units of the enzyme, a sub- 
strate concentration from 0.07 to 0.28 mu, and other conditions 
as in Assay 2. The experimental deviations from linearity were 
negligible and the equation, the constants of which were deter- 
mined by the method of least squares (13), is 

1 


1 
ß 652 + 1.74 


in which V is expressed as AA at 295 my per minute and S in 
mmoles per liter. The K., for dCMP, calculated with the same 
method, is 5 mM. 

It was not possible to determine the K., for CH. OH- dC M 
because of the small amount of the compound available. How- 
ever, it can be inferred that the enzyme has a higher affinity for 
CH;dCMP than for CH,OH-dCMP. In the conditions of 
enzyme Assay 2 and at concentrations of 0.13 mu, CH;-dCMP 
is deaminated at a rate three times higher than dCMP. Under 
the same conditions, the rate of CHJOH-dCMP deamination is 
lower than that of dCMP. 

For the enzyme from P. lividus the Michaelis-Menten con- 
stants of dCMP and of CH;-dCMP are almost identical, about 
3 mM. 

Effect of The deamination of dCMP and of CH;-dCMP 
as a function of pH was investigated (Fig. 2). All the experi- 
ments were carried out with Assay 1, except that the universal 
buffer of Teorell and Stenhagen (14) replaced the Tris-HCl 
buffer. The enzyme from S. granularis was a calcium phos 
phate gel eluate 1, with a specific activity of 5200 and containing 
2.6 mg of protein per ml. The incubation mixtures contained 
125 units of enzyme. 
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Substrate Specificity—The purified enzyme, both from S. 
granularis and from P. lividus, is active on (CMP, CH;dCMP 
and CH OH-dCMP. 3’-dCMP, dCDP, dCTP, 5’-CMP, 2’,3’- 
CMP, deoxycytidine, 5-methyldeoxycytidine, cytidine, cytosine, 
dAMP, 5’-AMP, 2’,3’-AMP, deoxyadenosine, adenosine, 
dGMP, S-hydroxymethyleytosine, 5-methylcytosine, and CDP- 
choline are not deaminated at concentrations of 0.1 mm, 0.2 
mu, 0.3 mu, 1 mu, and 2 mu, in Tris-HCl buffer, 0.1 M, pH 7.3, 
and with a large excess of enzyme. These results, obtained by 
determining the absorbancy change at the appropriate wave 
length, were confirmed by colorimetry with Nessler’s reagent. 

Effect of Pyrimidine and Purine Derivatives, of Metals, and of 
Sulfhydryl-binding Agents on Enzyme Activity—The experiments 
were done with the enzyme from S. granularis at the calcium 
phosphate gel step, with 2 mu dCMP in the conditions of the 
assay described earlier (1). Table IV lists the nucleotides that 
were found to inhibit the enzyme. The following compounds, 
tested up to the concentrations indicated, did not affect the 
enzyme activity: 5’-UMP, 8 mm; 2’,3’-UMP, 7 mu; 5’-AMP, 
9 mm; 2’,3’-AMP, 7 mu; 5’-CMP, 9 mu; 2’,3’-CMP, 8 mm; 
deoxycytidine, 6 mm; and 5-methyldeoxycytidine, 17 mm. 

Experiments on the action of metals and of sulſhydryl-binding 
agents are shown in Table V. 

No metal and no coenzyme requirements were found. 

Cysteine, reduced glutathione, and ethylenediaminetetraace- 

DISCUSSION 
The results reported in this paper and earlier (1) establish 


that an enzyme from unfertilized eggs of S. granularis and of 
P. lividus catalyzes the following reaction: 


Dracram 1 


in which —R may be —H, —CH; or —CH,OH. This conclu- 
sion is based upon the fact that extensive purification of the 
deaminase activities for dCMP, CH;sdCMP, and CH. OH- 
dCMP, from two different sources failed to separate different 
enzymes and that the ratio of the dCMP over the CH;dCMP 
deaminase activity remains.constant in all the fractions. 
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Taste III 
Stoichiometry of deamination by aminopyrimidine 
deozynucleotide deaminase 
The experiments were carried out at 30° in Tris-HCI buffer at 

pH 7.3 for 180 minutes. Enzyme, 800 units per ml. 


Experiment No. Compounds Initial concen- Final concen- 
EL 
1 dCM 1.97 0 
d UM 0 1.93 
NH; 0 1.97 
2 dCMP 1.97 0 
d UM 0 1.96 
NH; 0 2.03 
3 dCMP 1.97 0 
d Ua 0 1.96 
NH; 0 1.90 
4 CH;-dCMP 1.50 0 
dTMP 0 1.50 
NH; 0 1.47 
5 CH;-dCMP 1.50 0 
dTMP 0 1.47 
NH; 0 1.48 
6 CH;-dCMP 1.50 0 
dTMP 0 1.45 
NH; 0 1.49 
e 23 4 
< 1%" 
1 
OK 4 
6 7 9 
pH 
Fie. 2. Dependence of the rate of dCMP deamination and of 
CH;-dCMP deamination upon the pH. 


The kinetic properties of the enzyme from S. granularis are 
different from those of the enzyme from P. lividus. 

The specificity experiments prove that the enzyme is highly 
specific for the 6-aminopyrimidine deoxyribonucleoside 5’-phos- 
phate structure. The rate of the deamination and the affinity of 
the substrate for the enzyme depend upon the structure of the 
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Taste IV TaBie V 
Inhibition of aminopyrimidine deoxynucleotide Inhibition of aminopyrimidine 
deaminase by nucleotides deaminase by metals and SH reagents 
Nucleotide Concentration Inhibition Compound Concentration Inhibition 
mau % ma 
dUMP 0.82 35 FeCl; 1.0 10 
2.08 65 4.0 50 
4.10 77 
8.20 100 FeSO, 0.01 14 
0.5 30 
dTMP 0.43 22 2.0 60 
1.02 70 
2.04 90 CuSO, 0.0002 14 
4.08 100 0.002 20 
0.2 100 
dGMP 0.15 14 
0.40 50 AgNO; 0.02 9 
0.80 65 0.2 45 
0.90 100 2.0 100 
dAMP 4.00 30 HgCl; 0.0002 36 
8.00 35 0.002 100 
GMP 0.40 50 o-Iodosobenzoate 0.05 40 
1.00 80 0.1 60 
2.00 100 0.2 75 
2’,3’-GMP 0.36 24 p-Chloromercuribenzoate 0.2 50 
1.00 60 0.4 100 
2.50 100 
Monoiodoacetate 40 25 
100 33 
pyrimidine base in the deoxyribonucleotide and upon the source 200 80 


of the enzyme. The deaminases from S. granularis and from 
P. lividus show the highest affinity for CH;-dCMP. 

In a previous publication (15), we reported a variation in the 
ratio (CMP over CH;-dCMP-deaminase activity in homoge- 
nates prepared from embryos of S. granularis at different stages 
of development. This finding is explained taking into account 
that in the conditions of our enzymatic assays the presence of a 
competitive inhibitor from the highly concentrated homogenates 
of embryos of later stages of development would lower the rate 
of the dCMP deamination more than that of the CH;dCMP 
deamination. Indeed in the case of the enzyme from S. granu- 
laris the affinity for CH;-dCMP is about 18 times higher than 
the affinity for dCMP. 

The inhibition of the enzyme by several nucleotides is of in- 
terest insofar as feedback mechanisms may regulate the compo- 
sition of the pool of the deoxynucleotides. 

A pyrimidine nucleoside deaminase has been described in 
Escherichia coli (16-18). The E. coli enzyme deaminates both 
pyrimidine ribonucleosides and pyrimidine deoxyribonucleo- 
sides. We have been unable to detect a pyrimidine deoxyribo- 
nucleotide deaminase in E. coli extracts by spectrophotometric 
assays (1). Flaks and Cohen“ and Keck et al. (19) have found 
that after infections with T-even phages it is possible to detect 
in E. coli extracts a pyrimidine deoxyribonucleotide deaminase. 

The function of the enzyme described in this paper is unknown 
at present. The preferential finding of the enzyme in growing 
tissues (1) points to a function in the synthesis of pyrimidine 
deoxyribonucleotides. 


* J. G. Flaks and 8. S. Cohen, personal communication. 


If valid criteria for choosing the natural substrate of an en- 
zyme are higher affinity and higher rate, one may conclude that 
the substrate of the enzyme from sea urchin eggs is CH;-dCMP. 
The enzyme may be involved in the biosynthesis of dTMP 
either from dCMP through methylation of dUM (20) or di- 
rectly from CH;-dCMP. It is possible that the methylation of 
dCMP to CHsdCMP and the subsequent deamination of 
CH;-dCMP to dTMP is a principal route of dTMP synthesis. 

Preliminary purification work on rabbit liver and on monkey 
liver“ shows that it is possible to obtain from these sources an 
enzyme with properties similar to the pyrimidine deoxyribo- 
nucleoside 5’-phosphate deaminase of sea urchin eggs. It 
would be interesting to correlate the kinetic properties of the 
enzyme from various sources with any corresponding differences 
in the pattern of pyrimidine deoxyribonucleotide biosynthesis 
and in DNA composition. 


An enzyme fraction that catalyzes the hydrolytic deamination 
of deoxycytidine 5’-phosphate, of 5-methyldeoxycytidine 5 
phosphate, and of 5-hydroxymethyldeoxycytidine 5’-phosphate 
has been purified 550-fold from unfertilized eggs of Sphaerechinus 
granularis and 27-fold from unfertilized eggs of Paracentrotus 
lividus. The ensyme is highly specific for the substrates listed 
and is referred to as 6-aminopyrimidine deoxyribonucleoside 
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5˙ phosphate deaminase. The optimal activity of the deami- 
nase is at pH 7.2. The deaminations are irreversible and pro- 
ceed to completion. The stoichiometry, the effects of nucleo- 
tides, metals, and sulfhydryl-binding agents have been studied 
and the Michaelis-Menten constants of the substrates have been 
measured. 
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Introduction of the 5-iodouracil moiety into the deoxyribo- 
nucleic acid of mammalian cells has recently been reported (1-6). 
In order to determine the effect of several parameters on this 
incorporation in cell culture, a sensitive method was developed 
in which only about 10* cells are required. Replacement of 
thymine by 5-iodouracil of the order of 1% or greater can be 
measured. The method is based on the analysis for deoxyribo- 
nucleic acid described by McIntire and Sproull (7) and on the use 
of 5-iodo-deoxyuridine labeled with iodine-I™. 

The incorporation of the 5-iodouracil moiety into the deoxy- 
ribonucleic acid of H.Ep. 1 cells, a strain derived from a human 
cervical carcinoma, was studied as a function of incubation time 
in and concentration of 5-iododeoxyuridine, and also of the thy- 
midine concentration in the medium. Incorporation of this un- 
natural base into a variety of cell lines was measured. 

PROCEDURE 

Compounds—5-lododeoxyuridine-I™ was synthesized follow- 
ing the procedure already described (2) with the use of ap- 
proximately 50 mg of deoxyuridine and 2 to 10 mc of I™. Ry, 
values correspond to those reported by Prusoff (8). 5-Iodode- 
oxyuridine 5’-phosphate-I'" was synthesized (procedure to be 
published elsewhere) and served as a marker in several experi- 
ments involving enzymatic degradation of DNA. Paper chro- 
matography with the use of butanol-acetic acid-water (5:2:3) 
yielded the following Ry» values: iododeoxyuridine 5’-phosphate, 
0.41: iododeoxyuridine, 0.75; iodouracil, 0.75; potassium iodide, 
0.41; deoxyuridine 5’-phosphate, 0.30. 5-lododeoxyuridine was 
synthesized in this laboratory. 5-Iodouracil and deoxyuridine 
5’-phosphate were purchased from the California Corporation 
for Biochemical Research. Salmine sulfate was purchased from 
General Biochemicals, Inc. 

Enzymes used were trypsin (Difco Laboratories), DNAase 
(Worthington Biochemical Corporation), and Russell Viper 
Venom (Wellcome Research Laboratories). The snake venom 
phosphodiesterase was purified by Dr. J. Salser of this institute. 

Cell Culture—H.Ep. 1 cells, a strain derived from a human 
cervical carcinoma (9), were used in almost all the experiments. 
Stock cultures were maintained on glass in Eagle’s medium sup- 
plemented with 10% horse serum. Cells were treated with 
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0.05% trypsin and transferred to 60-mm Petri plates containing 
4 ml of the above medium. The appropriate compounds, ster. 
ilized by Millipore filtration, were added after two or three cell 
divisions had occurred. Incubation was carried out in a humidi- 
fied chamber at 37.5° in an atmosphere of carbon dioxide ad- 
justed so as to maintain the medium at pH 7.6 (10). In experi- 
ments requiring a large number of cells, cultures were grown on 
the surface of large Blake bottles (275 cm?). In clonal growth 
experiments, 5 X 10° cells were plated on Petri dishes engraved 
on the outer surface with a numbered grid. After incubation 
for 24 hours, the position of approximately 30 cells was noted 
and the appropriate compounds added. At 24-hour intervals 
the number of cells per colony was determined microscopically 
(11). 

Procedure Developed for Measurement of Ratio of Iodouracil to 
Thymine plus Iodouracil in DNA—Petri plate cultures were 
washed three times with 0.5% glucose solution. Next, 1 ml of 
0.4 n NaOH was added and the plates shaken overnight (New 
Brunswick Shaker) at room temperature. The contents were 
quantitatively transferred to a 12-ml centrifuge tube and rinsed 
twice with 0.5 ml of water. After neutralization with 1 n HCl, 
the pH was adjusted to 12 with 0.4 n NaOH, and water was 
added to a volume of 4 ml. To each tube, 0.2 ml of a 1% sal- 
mine solution was added and the contents mixed by shaking (at 
this stage the DNA-salmine precipitate would adhere to a stir- 
ring rod). Tubes were allowed to stand at 0—4° for 2 hours (or 
overnight) and were centrifuged. After washing with 4 ml of 
ice-cold water, the supernatant was discarded and the DNA ex- 
tracted from the precipitate with 4 ml of acid-salt solution (10% 
NaCl in 0.1 * H;SO,) at 100° for 30 minutes. The protein re- 
mained insoluble. At this point the precipitate could be sus- 
pended with a stirring rod, as it was no longer adherent. After 
cooling, the radioiodine activity was measured in the centrifuge 
tube with the use of a well-type scintillation crystal counter. 
The geometry factor was determined with a known radioiodine 
sample in a centrifuge tube under similar conditions. The pre- 
cipitate was then removed by centrifugation and the absorbancy 
measured at 268 and 330 mu (Beckman model DU spectropho- 
tometer). 

The extent of incorporation of the iodouracil moiety into the 
DNA was calculated from the radioiodine activity and the ab- 
sorbancy and expressed as the ratio of iodouracil to iodouracil 
plus thymine, JU/(IU + T). 


(c.p.m./ml)(8650)(1 — F) (1) 
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when (c.p.m./ml) refers to the activity in the acid-salt solution 
and s.a. represents the specific activity of the iododeoxyuridine 
in c.p.m. per amole. The quantity A is the difference between 
the absorbancy at the 268 my maximum and that at 330 my. 
The relatively small absorbancy at 330 my corrects for turbidity 
effects (7). The (0.30) was used to represent the molar ratio 
of thymine to phosphate in the DNA (12). The value 8650 rep- 
resents the E(P) of the standard DNA sample in the acid-salt 
solution, the molar absorbancy index based upon 1 g atom of 
phosphorus per liter. This DNA sample corresponded to an ana- 
lyzed sample (Duni) of calf thymus DNA prepared by Cavalieri 
et al. (13). (F) is a small correction factor to account for the 
smaller molar absorbancy index of 5-iododeo relative 
to thymidine at 268 my. It is equal to 0.01, 0.02, 0.04, 0.05, 
and 0.06 when JU/(IU + T) equals 0.1, 0.2, 0.3, 0.4, and 0.5, 
respectively. This correction was calculated on the assumption 
that the contribution of the nucleotides to the E(P) of the DNA 
could be calculated from their molar absorbancy indices (14) 
and the molar ratios of 0.20, 0.20, 0.30, and 0.30 for guanine, 
cytosine, adenine, and thymine plus iodouracil, respectively. 

Precision of Assay Procedure—To study the reproducibility of 
the method, cells were suspended in 0.8% NaCl solution, and ali- 
quots were added to nine tubes. The c.p.m. per mg of DNA (a 
number directly proportional to 7U/(IU + T) for the tubes) was 
found to be: 310, 348, 310, 332, 372, 347, 350, 353, and 315. The 
average was 337.0, standard deviation 20.7, and standard devia- 
tion of mean 6.9. The latter corresponds to approximately 2% 
of the average value. 

Demonstration that I™ Activity in DN A-Salmine Precipitate 
Corresponds to Iodouracil Moiety in DNA—H.Ep. 1 cells incu- 
bated in medium containing iododeoxyuridine-I™ were digested 
with 0.4 N alkali for 24 hours and the I" content of the solution 
measured (1.76 yc). The DNA-salmine precipitate was ob- 
tained as described above and digested with trypsin (15). Ser- 
eral additions of trypsin solution were made during a 48-hour 
period, at which time the supernatant had an Ii content of 
1.70 wc. The residue had no measurable activity. The super- 
natant was removed and treated with deoxyribonuclease. One 
aliquot of this solution was treated with phosphodiesterase and 
the other with snake venom (containing a mixture of phospho- 
monoesterases and phosphodiesterases). These solutions were 
analyzed by paper chromatography with butanol-acetic acid- 
water (5:2:3), as solvent system. The radioactivity (measured 
with a paper strip scanner and crystal scintillation counter) in 
the solution treated with phosphodiesterase appeared only at 
the spot corresponding to 5-iododeoxyuridine 5’-phosphate. In 
the case of the solution treated with crude snake venom, radio- 
activity appeared at spots corresponding to both 5-iododeoxy- 
uridine and to the 5’-phosphate. 

In another experiment, H.Ep. 1 cells incubated in medium 
containing iododeoxyuridine-I™ were digested with alkali and 
divided into seven aliquots, and the DNA-salmine precipitate 
obtained as described above. The specific activity of the DNA 
was determined in three tubes. Three other tubes were incu- 
bated with trypsin at 37° and then heated at 100° for 3 minutes 
to destroy the enzyme. The resulting material was then treated 
with DN Aase and crude snake venom. Water was added to the 
remaining tube which was subjected to the same thermal treat- 
ment as the tubes incubated with enzyme, in order to serve as a 
control tube for the radioactivity measurements. The enzymatic 


degradation yielded a supernatant containing all the radioiodine 
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in the tube. After paper chromatography of this supernatant, 
I! was detected only in the area corresponding to iododeoxy- 
uridine. In tubes which were not ensymatically degraded, I 
remained at or very close to the origin of the chromatogram. 

These experiments demonstrated directly that the radioiodine 
in the DNA-salmine precipitate was present in the iodouracil 
moiety of the DNA. Absence of contamination of this precipi- 
tate with I-containing impurities was confirmed indirectly in 
another experiment in which incubation of cells with 5-iodode- 
oxyuridine-I"* was carried out for short periods (20 minutes and 
1 hour) as well as for 3 days. The incorporation of iodouracil 
(Equation 1) was 0.2, 0.48, and 22%, respectively. The pres- 
ence of significant amounts of I as a contaminant absorbed by 
the precipitate from the radioactive medium would have pro- 
duced higher values for the short term incorporations. 

Stability of Iododeoryuridine under Cell Culture Conditions 
Cells were incubated in medium containing 71 um iododeoxy- 
uridine-I™, and aliquots of the medium were then analyzed by 
paper chromatography in butanol-acetic acid-water (5:2:3). 
After 3 days, 90% of the radioiodine activity was present as 
iododeoxyuridine. 

Distribution of Radioiodine Activity after Alkaline Digestion— 
Cells were incubated in medium containing 71 uu iododeoxy- 
uridine for 3 days. After the cells were washed with 0.5% glu- 
cose solution and digested with alkali, the DNA was precipitated 
with salmine. The radioiodine activity in the supernatant ac- 
counted for only 10% of the total counts in the alkaline digest. 
The remainder was in the DNA-salmine precipitate. 

Comparison with Results of Direct Chemical Analysis—The 
IU/(IU + T) ratio was measured in a sample of H.Ep. 1 cells 
by direct chemical analysis. The cells were digested with 0.4 N 
NaOH and the DNA isolated and enzymatically hydrolyzed 
with DN Aase and crude snake venom phosphatase (16). Elec- 
trophoresis of the nucleoside mixture in 0.05 M1 ammonium for- 
mate buffer at pH 3.5 followed by chromatography of the 
appropriate fraction in ethyl acetate saturated with 0.05 M phos- 
phate buffer at pH 6.0 (8) separated the thymidine and iodode- 
oxyuridine from the other components. The molar ratios of 
iododeoxyuridine and thymidine were determined by measure- 
ment of ultraviolet absorption after elution from the paper. 
IU/(IU + T) was 0.155. The ratio found by the use of Equa- 
tion 1 was 0.170. These values agree within the limits of the 
experimental errors and the uncertainty in the molar ratio 0.30 
used in Equation 1. 

Temperature of Digestion— Alkaline digestion of cells at room 
temperature was found to be necessary, since 5-iododeoxyuridine 
decomposes at higher temperatures. After 30 minutes in 0.4 * 
NaOH at 100°, 95% of the iodine is present as iodide. DNA 
containing iodouracil-I™ loses 30% of its radioiodine content in 
after 24 hours in 0.4 , NaOH at room temperature. 

pH and Ionic Strength of Medium Since the procedure de- 
scribed above differs in alkali requirement from that recom- 
mended by McIntire and Sproull (7), the effect of pH and ionic 
strength of the medium on the completeness of the DN A-salmine 
precipitation was determined. At pH 12 the precipitation of 
DNA was found to be quantitative. A DNA-salmine precipi- 
tate was prepared at varying pH values in a DNA solution con- 
taining NaCl equal to the amount that would be formed if the 
cells had been digested with 1 ml of 0.4 M NaOH in Petri plates 
followed by neutralization with HCl. The percentages of recov- 
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of iodouracil moiety into DNA of H.Ep. 1 cells 
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ery of DNA at pH 4, 6, 8, 10, and 12 were 56, 73, 88, 87, and 99, 
respectively. Excess salt was found to impair completeness of 
precipitation. On addition of 1 ml of 10% NaCl to the solution 
10 times as much as recommended in the above procedure, the 


Specific activity 10/UU + T)t recovery of DNA was only 64% (precipitation carried out at O. 
—— % The supernatant remained cloudy under these conditions. 
0.096 14.9 
0.96 16.3 
—— I. Effect of Specific Activity of Im on Incorporation and Clon] 
. Growth Studies To use the sensitive analytical procedure de 
ibed above, it is necessary to minimize effects resulting from 
* Concentration of 5-iododeoxyuridine, 141 ya, 3-day ineuba - — 
tion. Treatment of cells is 2 “Experimental Pro- radiation associated with iododeoxyuridine-I™ on the multiplica- 
cedure.” tion of cells as well as the extent of incorporation of unnatun 
tIU/(IU + Y) is the ratio of iodouracil to iodouracil plus base. The results in Table I show that a 100-fold variation in 
thymine and represents the extent of incorporation of the io- the I specific activity did not significantly affect the extent of 
douracil moiety into the DNA. incorporation of the iodouracil moiety into cellular DNA. 
-18- 
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Fid. 1. Effect of the specific activity of 5-iododeoxyuridine- 
dine, 71 au (25 ug per ml). Treatment of cells is described in 


8 


1U/(1U*T)x 100 


Fic. 2. Effect of concentration of 5-i in the cul- 


iododeoxyuridine 
ture medium on the incorporation of the iodouracil moiety into 
the DNA of H.Ep. 1 cells. Incubation time, 3 days. 


u on the clonal growth of H.Ep.1 cells. Concentration of iododeoxyuri- 
“Experimental Procedures.” 


tal 


The results in Fig. 1 show that the clonal growth rate of cells 
incubated in medium containing 71 um iododeoxyuridine is not 
appreciably changed when the specific activity of the radioiodine 
varies over the range 0 to 13 wc per mg. In the presence of this 
concentration of iododeoxyuridine, most cells are able to divide 
once. Further cell division is impaired, leading to an over-all 
growth factor! of approximately 2, after incubation for 1 week 
(2). A significant reduction in the cell capacity for a single divi- 
sion is observed at a specific activity of 64 wc per mg. The de 
crease observed in growth factor after 36 hours reflects loss ol 
cells from the glass surface. 

Effect of Concentration of Iododeoxyuridine and Incubation Tim 
on Incorporation of lodouracil—The extent of incorporation of 

1 Growth factor refers to the number of cells per colony at : 


specified time divided by the number of cells per colony at the 
start of the experiment. 
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jodouracil increases with increasing concentration of 5-iodode- 
oxyuridine in the medium. In the 3-day incubation shown in 
Fig. 2, the incorporation attained a maximal value of 25%. 

The effect of incubation time as well as concentration of iodo- 
deoxyuridine is seen in Fig. 3. At each concentration the incor- 


poration reached a plateau value at approximately 48 hours. At 


141 uu the ratio of iodouracil to the sum of iodouracil plus thy- 
mine in the DNA was between 0.40 and 0.50. 

Effect of Thymidine on Incorporation of Structural Analogue, 
5-lododeoryuridine—H.Ep. 1 cells were incubated with varying 
concentrations of thymidine and 5-iododeoxyuridine-I™ in the 
medium, as shown in Fig. 4. The extent of incorporation of 
unnatural base was measured at each set of concentrations. 
Plotted as ordinate is the percentage decrease in the JU/(IU + 
T) ratio in the DNA as a result of the addition of thymidine at 
the concentration indicated. Each point is the average of three 
replicate determinations. For a fixed level of 5-iododeoxyuridine 
in the culture medium, increasing amounts of thymidine in- 
creasingly inhibited the incorporation of the iodouracil moiety. 
Increasing the iododeoxyuridine concentration from 71 to 141 
un required a greater thymidine concentration to produce an 
equivalent depression of incorporation. 
Incorporation of lodouracil Moiety into DNA of Different Cell 
Lines—Results in a number of cell lines have been reported (2). 
The latter measurements required growth of cells in large Blake 
bottles (approximate area, 275 cm*) and pooling the contents of 
several bottles for the isolation and measurement of the JU /(I1U 
+ T) content. The results in Table II are the average of repli- 
cate cultures grown in 60-mm Petri plates containing 71 um iodo- 
deoxyuridine. For all the cell lines tested, some incorporation 
of unnatural base was observed. 


DISCUSSION 
As described in Experimental Procedure, the basis of the 
assay procedure was the demonstration that the radioiodine 
activity in the DNA-salmine precipitate corresponded to the 
iodouracil moiety in the DNA. This assay for JU/(JU + T) 
described above is especially useful when numerous variables 
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INCORPORATION 1U/(1U*T)x100 


Fic. 3. Effect of concentration of iododeoxyuridine 
ture medium and time of incubation on the inco 
iodouracil moiety into the DNA of H.Ep 1 cells. 
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THYMIDINE (wi) 

into the DNA of H.Ep. 1 cells by thymidine at two concentrations 
of iododeoxyuridine. The ordinates are calculated relative to the 
incorporation of the iodouracil moiety in the absence of thymidine. 

II 
Introduction of 5-iodouracil moiety into DNA of several cell lines 
Cell line | Species Source 
% 

HeLa Human Epidermoid cervical 12 19 

carcinoma ‘ 

8: Human | Derived from HeLa 12 20 

8:R, Human Derived from HeLa 14 

H.Ep.2 | Human Epidermoid 13 9 

of larynx 

Chang Human Conjunetiva 11 21 

V. Chinese Lung 15 22 

ham- 

ster 
V. Chinese Lung 15 

ham - 

ster 
AMK Monkey Kidney 19 23 
L Mouse Connective tissue 28 24 


In medium, 71 um 5-iododeoxyuridine; 3-day incubation. 


must be studied. Incorporation of the order of 1% can be meas- 
ured, and 10° cells furnish enough DNA for this purpose. This 
method may be used when the effects of radiation from I do 
not appreciably affect the extent of incorporation of the unnatu- 
ral base. Medium containing 0.5 ne per ml (based on results 
for 10 ne per mg and 141 ys iododeoxyuridine) did not affect 
the incorporation in a 3-day incubation period. It was found 
that the clonal growth rate relative to unlabeled iododeoxyuri- 
dine was depressed when the medium contained 1.6 ye per ml. 
At 141 ym concentration of iododeoxyuridine, the incorporation 
of unnatural base attained a maximal value between 40 and 50% 
after approximately 40 hours (Fig. 3). At this concentration 
H.Ep. 1 cells are able to undergo only one division (Fig. 1 and 
(2,4)). Hakala has observed a similar incorporation of 5-bromo- 
uracil in HeLa cells incubated in Eagle’s medium containing 
amethopterin, hypoxanthine, glycine, and 
(30 yum). — — — 
served (17). After incubation with 5-bromodeoxyuridine at 75 
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uM, H. Ep. 1 cells underwent on the average one subsequent divi- 


sion (2). 

The level of incorporation varied from one experiment to an- 
other, e.g. 25% incorporation with 260 um iododeoxyuridine 
(Fig. 2) versus 40 to 50% incorporation observed at 141 yum iodo- 
deoxyuridine (Fig. 3). This variability may be due to differ- 
ences in the nutritional and cultural environment of the cell line 
employed. 

It was of interest to note in Fig. 3 that over a 50-fold range of 
iododeoxyuridine concentration, the maximal incorporation was 
reached after approximately the same incubation time. This 
maximum depended on the iododeoxyuridine concentration. At 
a low concentration, the maximal incorporation remains below 
the value reached at higher concentrations over the entire period 
of the experiment. 

The results of the experiments in which thymidine was added 
to the medium (Fig. 4) suggest that the structural similarity is 
sufficient to permit comparable utilization of each compound in 
a competitive manner. Kornberg has shown that the nucleoside 
triphosphates are the appropriate substrates for DNA synthesis 
(18). The effect of replacement of the 5-methyl by the 5-iodo 
group on utilization for DNA synthesis might be assessed more 
directly by measurement of the intracellular triphosphate levels. 
This would eliminate the effect of differences in permeability 
and anabolic rates for the thymidine and iododeoxyuridine sup- 
plied in the culture medium. 

The incorporation of the iodouracil moiety into the DNA of 
all the cell lines listed in Table II supports the conclusion that 
this is a general property of cells in which DNA synthesis is 
taking place in the presence of iododeoxyuridine (2-5). 

SUMMARY 

A sensitive method using 5-iododeoxyuridine labeled with I 
was developed for determining the extent of replacement of 
thymine by 5-iodouracil in the deoxyribonucleic acid of mam- 
malian cells. Approximately 10 cells are required, and replace- 
ment of thymine by as little as 1% can be measured. 

Incorporation of the iodouracil moiety into the deoxyribo- 
nucleic acid of the H.Ep. 1 cell line was measured after varying 
incubation times in media containing different concentrations of 
5-iododeoxyuridine. Introduction of this unnatural base was 
reduced by addition of thymidine to the culture medium in an 
approximately competitive manner. This analytical method 
was used to demonstrate replacement of deoxyribonucleic acid 
thymine by iodouracil in each of 10 cell lines tested. 
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Nucleotide Pyrophosphatase Activities of Seminal Plasma* 


I. THE DEGRADATION OF URIDINE DIPHOSPHATE GLUCOSE BY BOVINE 


SEMINAL PLASMA ENZYMES 
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The occurrence in bovine seminal plasma of ‘alkaline’ phos- 
phatase (1), 5-nucleotidase (2), adenosine triphosphatase (3), and 
inorganic pyrophosphatase (4) is well known, and the presence 
of diphosphopyridine nucleotidase and triphosphopyridine nu- 
cleotidase in bovine semen has been recently reported by Leone 
and Bonaduce (5). The present work describes the degrada- 
tion of uridine diphosphate glucose by what appears to be the 
combined action of nucleotide pyrophosphatase and 5-nucleo- 
tidase present in bovine seminal plasma. A preliminary report 
of this work has been published (6). 


EXPERIMENTAL PROCEDURE 


Bovine Seminal Plasma Enzyme The short pro- 


Preparation— 
cedure of Heppel and Hilmoe (2) was followed for the preparation 


of 5-nucleotidase, which also contains the UDP-glucose degrada- 
tion system reported here. After completion of the described 
procedure (2), protein was precipitated with ammonium sulfate, 
pH 8.0, at 67% saturation. The precipitate was collected by 
centrifugation and was dissolved in a minimal amount of water 
to yield a solution of 70 mg of protein per ml. Recoveries of 
5-nucleotidase and UDP-glucose degrading activity were at 
. The enzyme preparation was stored frozen and 
remained stable for more than 1 year. 
Materials—UDP-glucose, UDP, UMP, and uridine were pur- 
chased from the Sigma Chemical Company. Glucose oxidase, 
peroxidase, and o-dianisidine (glucostat reagent) were purchased 
from Worthington Biochemical Corporation. Raw bull semen 
was obtained through the courtesy of Dr. Sam Tove and Mr. 
Richard Myers of the Department of Animal Industry, North 
Carolina State College, Raleigh, North Carolina. Constriction 
pipettes of the Lang-Levy type in sizes from 5 ul to 50 ul were 
pure 
, Denmark. 

Assays and Determinations—Values recorded are the differ- 
ences between substrate or product determined on suitable ali- 
quots before and after incubation at 38°. Reaction mixtures 
were routinely run in a volume of 0.20 ml and contained 0.1 M 
glycine, pH 9.0, 10-* a MgCls, 1.05 mg of protein per ml, and 
X 10-* M substrate unless otherwise indicated. UDP-glucose 
was determined spectrophotometrically by transfer of suitable 
aliquots (5 ul to 50 ul) of reaction mixtures into cuvettes con- 


taining the components of the UDP-glucose dehydrogenase 
Supported by Research Grant E-1659 from the National Insti- 


tute of Allergy and Infectious Diseases, National Institutes of 
— Bethesda, Maryland, and by a Duke University Research 


from Dr. H. E. Pederson, Carlsberg Laboratorium, 


assay system (7). The UDP-glucose dehydrogenase (specific 
activity of 22 wmoles per hour per mg of protein) was prepared 
by an unpublished purification procedure! modified from Strom- 
inger et al. (7). Protein was determined by the method of Lowry, 
et al. (8). Glucose 1-phosphate was estimated with phospho- 
glucomutase and glucose 6-phosphate dehydrogenase (9). Or- 
thophosphate was determined by the method of Gomori (10). 
Uridine was determined as non-Dowex 1-chloride-adsorbable 
262 my-absorbing material. Purity of uridine obtained in the 
Dowex 1-chloride effluent was checked by ultraviolet spectrum 
and by paper chromatographic comparison with known uridine. 
The molar absorbancy index of 10.0 x 10° at 262 my (11) was 
used for calculation of amounts of uridine-containing compounds. 
Measurements were made with a Beckman model DU spectro- 
photometer. Nucleotides including UDP-glucose, UDP, UMP, 
and uridine were separated by paper chromatography on What- 
man No. 1 paper. Solvent systems used were isobutyric acid- 
water-concentrated ammonium hydroxide (66:33:1) (11); 1 U 
pH 3.7 ammonium acetate-ethanol (1:2.5, volume for volume) 
(12); and 1 M pH 7.5 ammonium acetate-ethanol (1:2.5, volume 
for volume) (12). Ultraviolet-absorbing materials were visual- 
ized with a 2537 A Mineralight lamp. 


Phosphate Release and Products With the use of relatively 
crude bovine seminal plasma 5-nucleotidase preparations for the 
assay of 5-UMP in the presence of UDP-glucose, it was observed 
that inorganic phosphate was also liberated from the latter 
compound. As shown in Fig. I, the rate of phosphate production 
from 5-UMP was 10 times greater than from UDP-glucose. As- 
say for products other than phosphate revealed only uridine and 
glucose 1-phosphate. Free glucose, UDP, and UMP could not 
be detected. 

Stoichiometry—The data in Table I indicate a 1:1 ratio be- 
tween UDP-glucose disappearance and the formation of glucose 
1-phosphate, uridine, and inorganic phosphate. 

Effect of pH—Maximal activity for the reaction in glycine and 
Tris buffers was found near pH 8.9 as shown in Fig. 2. 

Effect of Substrate Concentration—lInitial rates of UDP-glucose 
degradation at several concentration levels were estimated from 
plots of substrate disappearance against time. From the recip- 
rocal plot (13) shown in Fig. 3, the Michaelis-Menten constant, 
K.., was calculated to be 2.1 X 10-* mu. 

Effect of Metale—Activity was enhanced by the presence of 


1E. A. Davidson and R. W. Wheat, unpublished procedure. 
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2 10 20 30 40 30 60 
MINUTES 
Fig. 1. Relative rates of inorganic phosphate release from UMP 
and UDP-glucose by bovine seminal plasma enzyme preparation. 
Initial substrate concentrations were 1.2 X 10°? m UMP and 
IX ION UDP-glucose. An enzyme dilution of 1:30 was used to 
obtain the data with UMP. 


TaB_e I 


Stoichiometry of UDP-glucose degradation 
One half of the reaction mixture was removed immediately 
after the addition of enzyme, neutralized by a predetermined 
amount of 1 n HCl, and heated 2 minutes in boiling water to stop 
the reaction. The remainder was incubated at 38° for 60 minutes 
and then treated similarly. Samples were then removed for as- 
says as indicated in Experimental Procedure.“ 


Vol. 235, No. 12 


Km=2.1x10°4M 


A moles/0.2 / On. (o) 


178 10-3) 


Fia. 3. Effect of substrate concentration on the velocity of 
UDP-glucose degradation. Substrate concentration versus veloc- 
ity, Curve A; and the Lineweaver-Burk plot (13), Curve B. 


TaB_eE II 


Stimulation of UDP-glucose degradation by magnesium chloride 
The usual volume of bovine seminal plasma enzyme was used 
after removal of divalent cations by running 3 ml of the enzyme 
preparation (70 mg per ml) through 2 ml of damp dry Dowex 
50-potassium (X2, 100 to 200) in a column 0.5 cm in diameter. 
The damp dry' resin was prepared by blowing air through the 
column to remove excess water. Other conditions as given in 
Experimental Procedure. 


Conditions 
˙ 0. 15 


Zero time Final Difference 
pumoles pmoles umole 
UDP-glucose........... 1.47 0.60 —0.87 
Glucose-1-P............ 0.0 0.85 +0.85 
l 0.20 1.09 +0.89 
0.0 0.89 +0.89 
0.06 
0.05 
1 
4 0.03 
0.02 
2 0.01 
q 
= 1 1 
75 80 6.3 90 9.3 100 005 
pH 
Fo. 2. Effect ect of pH on the degradation of UDP-glucose by bo- 
seminal plasma enzyme preparation. Substrate concentra- 


Tris, A——A; glycine, @——®. 


magnesium ions, and inhibited by ethylenediaminetetraacetic 
acid. Substrate was not degraded in the presence of magnesium 
ions alone or in the presence of boiled enzyme plus magnesium 
ions. Table II indicates the dependency for Mg*+ observed 
after treatment of the enzyme preparation with Dowex 50-po- 
tassium. Other metals tested with Dowex 50-potassium-treated 
enzyme were found to be less active in enhancement of the reac- 
tion. These included the chlorides of Nit+, Co!“, Ca**, and 
Mn“. The chlorides of Cd, Fe“, and Fe*** 
were not active. 

Substrate Specificity—Several skis nucleotide pyrophosphate 
compounds, including DPNH, DPN*, FAD, and CDP-choline 
were also degraded by the enzyme preparation (6). Studies of 
the degradation of these compounds will be reported elsewhere. 

DISCUSSION 

The data presented are in agreement with the conclusion that 
bovine seminal plasma contains one or more nucleotide pyro 
phosphatase activities which hydrolyze the pyrophosphate bond 
of UDP-glucose, yielding glucose 1-phosphate and UMP; the 
latter is immediately hydrolyzed to uridine and inorganic phos- 
phate by excess 5-nucleotidase. These results indicate the neces- 
sity for cautious interpretation when seminal plasma 5-nucleo- 
tidase is used for the identification of nucleotides in complex 
mixtures. 
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Bovine seminal plasma was found to contain enzyme activities 
which degrade uridine diphosphate glucose to inorganic phos- 
phate, uridine, and glucose 1-phosphate. Glucose 1-phosphate 
was not further degraded. The reaction proceeds best near 
pH 9. Half maximal rates were obtained at a uridine diphos- 
phate glucose concentration of 2.1 X 10 m. A requirement 
for a divalent metal ion such as Mg** was demonstrated. 
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Nucleotide Pyrophosphatase Activities of Seminal Plasma 


II. PHOSPHATE RELEASE FROM NUCLEOTIDE PYROPHOSPHATE COMPOUNDS 
BY BOVINE SEMINAL PLASMA ENZYMES* 


Rosert W. Wueat, ELAN B. Kricx, AND Susan T. BROWNLEE 
From the Department of Biochemistry, Duke University School of Medicine, Durham, North Carolina 
(Received for publication, June 27, 1960) 


The degradation of uridine diphosphate glucose to glucose 

1-phosphate, uridine, and inorganic phosphate by a nucleotide 

and 5-nucleotidase present in bovine seminal 

plasma has been reported (1, 2). The present report describes 

the release of orthophosphate from several purine and pyrimidine 

nucleotide pyrophosphate compounds by bovine seminal plasma 
enzyme preparations. 


EXPERIMENTAL PROCEDURE 


Materials—UDP-glucose, FMN, CDP-choline, DPN, and 
DPNH and the 5-nucleoside mono-, di-, and triphosphates used 
as substrates and chromatographic markers were obtained from 
the Sigma Chemical Company, and Pabst Laboratories. A 
sample of guanosine diphosphate mannose was kindly contrib- 
uted by Dr. V. Ginsberg, National Institutes of Health, Bethesda, 
Maryland. Nicotinamide mononucleotide and ribosyl nico- 
tinamide were prepared from DPN* with snake venom enzymes 
(3). Raw bull semen was obtained through the courtesy of 
Dr. Sam Tove and Mr. Richard Myers of the Department of 
Animal Industry, North Carolina State College, Raleigh, North 
Carolina. 

Methods—Concentrations of stock substrate solutions were 
determined as follows: UDP-glucose, DPN+, DPNH, and the 
intact ribosyl pyridinium bond of DPN* were assayed with 
UDP-glucose dehydrogenase (4), ethanol dehydrogenase (5), 
lactic dehydrogenase (6), and KCN (5), respectively. FAD and 
CDP-choline were estimated spectrophotometrically with the 
use of the molar absorbancy indices of 11.3 x 10° at pH 7 and 
450 mu (7), and 13 Xx 10° at pH 2.0 and 280 my (8), respectively. 
Inorganic phosphate was determined by the method of Gomori 
(9) on suitable aliquots, after deproteinization of reaction mix- 
ture samples with equal volumes of 10% trichloroacetic acid. 
For chromatography, reaction mixtures were deproteinized by 
addition of 2 volumes of ethanol. Samples of the supernatant 
solutions were chromatographed on Whatman No. 1 paper, with 
ethanol-m, pH 7.5, ammonium acetate (1:2.5, volume for vol- 
ume) as solvent (10). A 2537 A “Mineralight” lamp was used 
to visualize nucleotides on paper chromatograms. Small amounts 
of fluorescent impurities were seen on chromatograms of com- 
mercial FMN and FAD. 


* This work was supported by Research Grant E-1659 from the 
National Institute of Allergy and Infectious Diseases, National 
Institutes of Health, Bethesda, Maryland, and by a Duke Uni- 
versity Research Grant. 

1 The abbreviation used is: FMN, riboflavin phosphate, “flavin 
mononucleotide.”’ 
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Nucleotide Degradation Assay—Values recorded are the dif- 
ferences in inorganic phosphate determined before and after 
incubation at 38°. Reaction mixtures contained 0.08 M glycine, 
pH 8.9, 10-* 1 MgCl, 0.2 mg of protein, and substrate as indi- 
cated in 0.20 ml. : 

Preparation of Enzyme—Enzyme was prepared as previously 
described (2). This preparation contains both 5-nucleotidase 
and nucleotide pyrophosphate degrading activities. Attempts 
to separate nucleotide pyrophosphatase activities and 5-nucleo- 
tidase on diethylaminoethy] cellulose with the use of Tris-chloride 
buffer as eluants according to the procedures of Boman and 
Kaletta (11) have been unsuccessful. 


RESULTS 


An earlier study of UDP-glucose degradation by the 5-nucleo- 
tidase enzyme preparation indicated that phosphate formation 
arose from UMP liberated from UDP-glucose by the initial 
hydrolysis of the pyrophosphate bond (2). Upon further in- 
vestigation, it was observed that inorganic phosphate was also 
produced from CDP-choline, GDP-mannose, FAD, DPN*, and 
DPNH. Attempts to demonstrate DNA or RNA degradation 
by phosphate release and nucleoside formation by chromatog- 
raphy were unsuccessful, although a small increase in 260 mp 
absorption was observed as measured by the procedure of Boman 
and Kaletta (11). Comparative rates of AMP (P. release, 1.4 
umoles per minute per mg of protein) and DPNH degradation 
(lactic dehydrogenase, 0.052 umoles per minute per mg of pro 
tein) indicated the latter system to be a relatively minor com- 
ponent in bovine semen. 

The number of micromoles of phosphate released per micro 
mole of nucleotide pyrophosphate compound at completion o 
the reaction is shown in Table I. One mole of Pi per mole was 
liberated from UDP-glucose, CDP-choline, and FAD. Results 
with DPN*+ were unexpected, but with DPNH, the amount d 
inorganic phosphate released per mole of substrate regularly 
approached a ratio of 1.5:2. With the exception of DPN’, 
these results suggest an initial hydrolysis of the pyrophosphate 
bond of the above substrates, followed by phosphate release i 
accordance with the known specificity of 5-nucleotidase (12); 
that is, UMP, AMP, and more slowly, NMN should yield pho 
phate, but FMN and ribose 5-phosphate should not. And, # 
shown in Table II, glucose 1-phosphate (2) and phosphorylcholix 
are not hydrolyzed by these enzyme preparations. 

It would appear from the data in Table I that DPN* is d 


graded by other than an initial attack by nucleotide pyrophe 
phatase. Assay of the ribosyl pyridinium bond of DPN* wit 
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TaB.e I 
Stoichiometry of phosphate production from 
nucleotide pyrophosphate compounds 
Phosphate released 
Substrate 
30 min 60 min substrate 
umole pmole 
UDP-glucose, 0.17 amole 0.18 0.18 1.06 
CDP-choline, 0.26 mole 0.21 0.23 0.89 
FAD, 0.19 pmole............. 0.18 0.18 0.95 
DPN*,* 0.21 pmole........... 0.20 0.21 1.00 
DPNH 0.20 pmole............ 0.31 0.32 1.50 


„ DPN+ loss by KCN and ethanol dehydrogenase assays were 


equivalent to phosphate release. 


TaBLeE II 
Assay of activity of enzyme preparation on possible 
products of nucleotide pyrophosphate compounds 


R. W. Wheat, E. B. Krick, and S. T. Brownlee 


pmoles 
Glucose 1-phosphate, 0“ k. | 0.00 
Phosphorylcholine, 10 “th. | 0.00 
5-Adenylic acid, 5 X 10°? wmp | 1.20 


— 


KCN indicated the presence of DPNase in the enzyme prepara- 


tion. The occurrence of DPNase and TPNase has been recently 
reported in bovine semen by Leone and Bonaduce (13). Nico- 
tinamide was therefore included in reaction mixtures to inhibit 
destruction of the KCN-reactive ribosyl pyridinium bond. The 
data in Table III show that in the presence of 0.1 M nicotinamide, 
80% of the total phosphate of DPN was released in 1 hour. 

As shown in Fig. 1, paper chromatograms of the products of 
DPN degradation revealed the presence of adenosine and free 
nicotinamide. After treatment of the chromatograms with 
methyl ethyl ketone and ammonia according to the procedure of 
Kodicek and Reddi (14), traces of the riboside and ribotide of 
nicotinamide were also seen. Chromatograms of DPNH degra- 
dation products revealed fluorescent materials with N. values 
similar to DPNH, NMN, and nicotinamiide riboside; the latter 
two materials were assumed to be the reduced analogues of the 
nicotinamide derivatives. Chromatography of FAD reaction 
mixtures indicated the presence of adenosine and FMN. 


The results presented support the conclusion that bovine 
seminal plasma contains one or more nucleotide pyrophosphatase 
activities which cleave the pyrophosphate bond of a variety of 
nucleotide pyrophosphate compounds. The question of sub- 
strate specificity remains unanswered and must await further 
purification. However, the activities reported appear to be 
similar to potato nucleotide pyrophosphatase (15), as contrasted 
to the found in snake venoms which are 
known to hydrolyze DPN* as well as RNA and DNA (16, 17). 

It is interesting to note that in the absence of nicotinamide, 
an approximation of 1 mole of phosphate was produced per DPN*. 
This is most easily explained as the result of DPNase activity in 
removing nicotinamide from DPN+. Adenosine diphosphate 
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Taste III 
Effect of nicotinamide on phosphate release from DPN* 
Ribosy! pyridinium 
| umole pmole 
0.1 u Nicotinamide........... | 0.08 0.85 
None ase | 0.30 0.55 
* Reaction mixture contained 0.53 ymole of DPN*. Other con- 
ditions as described in text. 
t KCN assay. 


Fic. 1. Chromatogram of DPN* reaction mixtures. The ab- 
breviations used here are: Ad-R, adenosine; N, nicotinamide; 
NR, ribosyl nicotinamide; and N-R-P, nicotinamide mononucleo- 
tide. The positions of the latter two compounds are indicated in 
parentheses at the side of the chromatogram. Both zero time and 
60-minute incubated samples are shown. 


ribose thus formed would then be cleaved at the pyrophosphate 
bond, resulting in the formation of ribose 5-phosphate and AMP. 
As shown by Heppel and Hilmoe (11) the ribose-phosphate would 
be hydrolyzed at 1%, or less, of the rate of AMP, and adenylic 
acid would therefore be the source of the single phosphate pro- 
duced from DPN* in the absence of nicotinamide. 


Inorganic phosphate is released from uridine diphosphoglu- 


cose, cytidine diphosphocholine, flavin adenine dinucleotide, re- 


duced diphosphopyridine nucleotide, and diphosphopyridine nu- 
cleotide (in the presence of nicotinamide) by the combined action 
of nucleotide pyrophosphatase and 5-nucleotidase activities pres- 
ent in bovine seminal plasma. The degradation of diphospho- 
pyridine nucleotide in the absence of nicotinamide is discussed. 
When compared to 5-nucleotidase, the nucleotide pyrophospha- 
tase activity is a minor but significant component of bovine 
semen. 
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Studies on the Action of Bovine Serum Albumin 
on Aged Rat Liver Mitochondria* 
Donat R. Heinsxit Ceci, Coorert 
From the Department of Biochemistry, Western Reserve University, School of Medicine, Cleveland, Ohio 
(Received for publication, February 8, 1960) 


It has been well established that when normal mitochondria 
are aged or otherwise damaged, they lose their ability to carry 
out coupled oxidative phosphorylation, and that this ability is 
partially restored by the addition of bovine serum albumin to the 
incubation medium (1-6). 

Stern and Timonen (5) concluded that the stimulation of 
mitochondrial oxidative phosphorylation by nuclear fractions, or 
albumin, was due to a physical effect of these agents on the 
mitochondria. Several investigators have isolated substances 
from damaged mitochondria that can produce uncoupling in 
fresh mitochondria (3, 4, 7-9). A similar substance has been 
obtained from homogenates of transplanted Novikoff hepatomas 
(10). It has been postulated that albumin restores phosphoryla- 
tion in aged mitochondria because of its ability to form complexes 
with and inactivate these agents (3, 4, 7-9). Lehninger and 
Remmert (7) have reported the enzymic formation of an un- 
coupling agent when rat liver mitochondria are incubated at 37° 
in the absence of oxidizable substrates or adenine nucleotides. 
The uncoupling activity of this factor, presumed to be a fatty 
acid, is prevented by albumin. 

The present study was undertaken in an attempt to clarify 
the mechanism by which albumin reverses uncoupling in rat liver 
mitochondria aged at 37°. 


EXPERIMENTAL PROCEDURE 


Rat liver mitochondria were prepared from 15% homogenate 
in 0.25 M sucrose by the method of Hogeboom et al. (11). Pro- 
tein was determined by the method of Gornall et al. (12) after the 
mitochondria had been lysed in 2.5% deoxycholate. The mito- 
of protein per ml by dilution with 0.25 M sucrose. Aging was 
carried out in 1.5 X 17.5-cm plastic tubes in a water bath at 37° 
with 3 ml of a mitochondrial suspension, the protein concentra- 
tion of which had been adjusted as described above. Phosphate 
was determined by the method of Gomori (13). The exchange 
of inorganic phosphate with ATP was determined as previously 


* This investigation was supported in part by a research grant, 
RG-5302, from the National Institutes of Health. 

t Predoctoral Fellow, National Institutes of Health. Present 
address, Department of Biological Science, Stanford University, 
Stanford, California. The data in this paper were taken from 
the thesis presented by Donald R. Helinski in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy from 
Western Reserve University. 

t Senior Research Fellow, SF-2, United States Public Health 
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described (14). Submitochondrial particles were prepared 
digitonin extraction of rat liver mitochondria (15). > 

Coagulated serum albumin was prepared by heating a 1% 
solution of bovine serum albumin in 0.0015 M citrate buffer, pH 
5.4, in a boiling water bath for 2 minutes (16). The coagulated 
albumin was isolated by centrifugation, solubilized by the ad- 
dition of 0.1 * KOH, and the solution was adjusted to pH 7.5. 

Denatured serum albumin was prepared by heating a 1% 
solution of bovine serum albumin, pH 7.5, in a boiling water bath 
for 1 hour (17). The partially purified, immunologically active, 
low molecular weight fragment of bovine serum albumin was 
generously supplied by Dr. R. Porter of the National Institute 
for Medical Research, London, England, and was used without 
further characterization. 

An acid digest of albumin was prepared by refluxing a 2% 
solution in 6 N HCl for 90 minutes, removing HCl by evaporation 
with a stream of nitrogen, removing undegraded protein by 
adjusting the pH to 5.5 with 0.002 M citrate, and heating for 1 
minute at 100°. 

Albumin was treated with essentially 
ture, containing 1.5 Xx 10M albumin, 4.5 x 10-* p- chloro- 
mercuribenzoate, and 0.01 u Tris, pH 7.4, was stirred for 30 
minutes at 25° and then dialyzed against 0.001 M Tris, pH 7.4. 

Immunological activity was determined by the quantitative 
precipitin technique (19). 

Crystalline bovine serum albumin was obtained from the 
Armour Company. No tests were carried out to determine 
whether the purchased albumin contained bound fatty acids. 
ADP, ATP, and DPN were obtained from the Pabst Labora- 
tories, horse heart cytochrome c from the Sigma Chemical 
Company, sodium oleate from Fisher Scientific Company, and 
sodium dodecyl sulfate from DuPont Chemical Corporation, 
Radioactive inorganic phosphate was obtained from Oak Ridge 
National Laboratories. 

Incubation Medium for Oxidative Phosphorylation Tests The 
reaction medium contained 0.01 M potassium phosphate, pH 7.4; 
0.015 u Tris, pH 7.4; 0.005 1 MgCl,; 0.0025 1 ADP; 0.01 u 
NaF; 0.2 ml of a yeast hexokinase preparation (20); 0.03 M glu- 
cose; and 6 mg of mitochondrial protein in a final volume of 3.0 
ml. Incubations were carried out for 20 minutes at 25°. -- 
hydroxybutyrate and succinate were used at concentrations of 
0.02 M and 0.01 M, respectively, and the concentrations of cyto- 
chrome c and ascorbate were 5 X 10-*m and 0.02 u, respectively. 
Serum albumin was used at a final concentration of 1 mg per ml. 
Succinate was the substrate employed unless otherwise stated. 
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RESULTS 
Some Mitochondrial Changes Produced by Aging 


Effect of Aging Time—The effect of albumin on phosphoryla- 
tion associated with the oxidation of 8B-hydroxybutyrate, suc- 
cinate, and cytochrome c plus ascorbate by mitochondria aged 
for varying periods of time at 37° is shown in Table I. The time 
required to produce a complete loss of phosphorylation with a 
given substrate varies somewhat from one experiment to another 
but the same relative differences are consistently obtained. 
Weinbach (6) has reported a similar effect of aging at 37° with 
B-hydroxybutyrate as the substrate. 

The decreased oxidation of B-hydroxybutyrate after aging can 
be fully prevented by the addition of DPN (5 x 10-5 m) to the 
medium. This addition does not always, however, affect phos- 
phorylation, whereas the addition of albumin alone consistently 
restores partially both oxidation and phosphorylation. 

The observed difference in inactivation time with different 
substrates may be a reflection of a difference in lability of the 
various phosphorylation sites. If the site associated with the 
oxidation of cytochrome c is the most labile, it might be antic- 
ipated that with succinate as the substrate the P:O ratio would 
drop to a value of 1 or less at a time when phosphorylation is no 


Taste I 
Effect of aging on oxidative phosphorylation with different substrates 
Albumin + Albumin 
Substrate Aging 
-a O. ar P:O0 |-403| P:0 
min patoms | umoles patoms | wmoles 
8-Hydroxybu- 0 5.5 14.4 | 2.62 | 5.6 14.6 | 2.61 
tyrate 35 2.8| 4.4 1.57| 3.79.7 | 2.62 
45 2.8 2.0 0.71 3.7| 7.5 2.03 
55 2.0 0. 1 0.05 2.5 4.6 1.84 
Succinate 0 11.8 | 19.7 | 1.67 | 14.7 | 23.5 | 1.60 
35 6.9 3.60.52 9.4 12.6 1.34 
45 7.0 1.20.17 8.9 8.5 | 0.96 
55 6.6 0.6 0.09; 8.4 5.2 | 0.62 
Cytochrome c 0 17.6 5.2 0.30 15.4 | 11.6 | 0.75 
+ ascorbate 5 21.4 2.7 O0. 13 18.2 7.5 0.41 
10 21.8 0.9 0.04 19.1 6.8 | 0.36 
15 22.0 0.0/0.0 21.0 4.4 0.21 
Taste II 
Relative decrease in P:O ratio with succinate and cytochrome e 
Substrate Addition Aging | -a0; | -aP | P:0 
min watoms moles 
Succinate None 0 8.2 12.2 | 1.49 
Succinate Cytochrome c 0 10.5 15.9 | 1.51 
Succinate — Ascorbate 0 9.0 13.6 | 1.51 
Succinate None 20 6.8 8.1 1.19 
Succinate Cytochrome c 20 8.3 9.6 | 1.15 
Succinate Ascorbate 20 6.9 8.4 | 1.22 
Cytochrome e None 0 7.5 5.0 | 0.67 
+ ascorbate 
Cytochrome e None 20 19.4 0 0 
+ ascorbate 
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longer associated with the oxidation of cytochrome c plus 
corbate. This supposition is based on the fact that the maximal 
P:2e ratio appears to be 2 for succinate to oxygen (21), 1 for 
succinate to cytochrome c (22), and 1 for cytochrome c to oxygen 
(23, 24). The data are shown in Table II and demonstrate that 
the P: ratio for succinate remains well above 1 at a time whe, 
it is zero for cytochrome c plus ascorbate and that the addition of 
cytochrome c or ascorbate to the incubation medium does not 
affect the P:O ratio associated with the oxidation of succinate by 
fresh or aged mitochondria. The difference in inactivation time 
cannot therefore be ascribed to a difference in lability of the two 
phosphorylation sites and indicates that the cytochrome c and 
ascorbate system does not always provide a valid quantitative 
assay for the terminal phosphorylation site. 


Effect of Alteration of Structure of Serum Albumin 


Acid Digestion—Serum albumin appears to be composed 
exclusively of amino acid residues and is free of any prosthetic 
group (25). However, the avidity with which this protein binds 
many anions suggested the possibility that its effect on oxidative 
phosphorylation may be due to the presence of a low molecular 
weight anionic substance bound to its surface. An acid digest 
of albumin was prepared and tested with aged mitochondria 
This treatment resulted in a complete loss of albumin activity. 
Furthermore, isooctane extraction (26) or treatment with an 
acetic acid-isooctane mixture (27) failed to affect the activity of 
albumin. Sacktor et al. (28) also found that lipid extraction of 
albumin had no effect on its activity. 

Coagulation and Denaturation—The effect of less drastic 
alterations of the albumin molecule were also studied. As 
shown in Table III, coagulation does not decrease the activity of 
albumin, whereas heat-denatured albumin is completely inactive. 
The activity of each preparation towards oxidative phosphoryla- 
tion parallels its immunological activity with rabbit bovine 
serum albumin antibody. 

The activities of native, coagulated, and denatured albumin 
were also tested with submitochondrial particles obtained by 
digitonin extraction of intact mitochondria. The relative ei. 
fects of these preparations in this system were similar to thos 
shown above. 

Enzymatic Fragmentation—The effect of an immunologically 
active, low molecular weight fragment of bovine serum albumin 
(29) was also tested. The results are shown in Table III, 
Experiment 2. It is evident that the fragment, which is ap 
proximately one-sixth the molecular weight of native albumin, 
possesses considerable activity. — 

Removal of Free Sulfhydryl Group —Sacktor et al. (28) have 
reported that the free —SH group of albumin was required for 
activity with the insect flight muscle mitochondrial test system. 
Albumin was treated with p-chloromercuribenzoate and the 
absence of —SH groups confirmed by the spectrophotometre 
assay of Boyer (18) and by amperometric titration (30). This 
treatment does not affect the activity of the albumin (Table III, 
Experiment 3). The preparation was also tested on the submi- 
tochondrial particle system and again was found to be as effee- 
tive as untreated albumin. 


Requirement for Serum Albumin in Incubation Medium 


Time Study of Serum Albumin Action—The stimulation ol 
phosphorylation by albumin may be due to the maintenance of 
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-A AP P:0 
min | petoms | pmoles 

0 | 10.0 | 18.5 | 1.85 
0 11.0 19.5 | 1.77 
inate by 0 10.2 18.6 | 1.82 
ion time AAA 30 8.1] 3.9 0.48 
the two Albumin, 3 mg............... 30 9.9 | 13.2 | 1.34 
e c and Denatured albumin, 3 m. 30 8.5 4.2 0.49 
titative Coagulated albumin, 3 m. 30 | 10.0 12.5 1.25 
0 11.9 15.8 | 1.33 
Albumin, 3 mg............... 0 | 10.2 | 16.3 | 1.60 
30 7.9 3.3 0.42 
Albumin, 3 mg............... 30 7.2 11.1 | 1.54 
Albumin fragment, 0.25 mg...| 30 9.5 5.2 0.55 
Albumin fragment, 0.50 . 30 9.1; 7.0 0.77 
Albumin fragment, 2 m 30 7.1| 7.7 1.08 
0 8.3 13.8 1.67 
³˙ ˙ 40 6.3 1.0 0. 16 
Albumin, 3z mg 40 7.18.6 1.21 

p - Chloromercuribenzoate - al- 
bumin, mg 3.............. 40 | 6.0; 8.5 1.42 
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an initial reaction rate that falls off during the incubation period, 
drastic | or to an actual stimulation of an initially low phosphorylation 
d. AST rate. The results of a typical experiment shown in Fig. 1 dem- 
ivity off onstrate that the stimulation by albumin is not due to the pro- 
active. I tection of mitochondria from changes occurring during the in- 
horyls- cubation period. The rate of phosphate uptake in the presence 
bovine | of albumin (Curve 6) is considerably greater than in its absence 
(Curve 1). Furthermore, it may be seen that the addition of 
lbumin | albumin as late as 15 minutes after the initiation of the reaction 
ned by does not affect its ability to increase the phosphorylation rate of 
ive ef. sged mitochondria (Curves 2, 3, and 4). 
) those} Test for Release of Soluble Uncoupling Factor—Studies were 
carried out to determine whether the effect of albumin on mito- 
gically | chondria aged at 37° could be attributed to its ability to bind one 
bumin or more uncoupling agents released into the medium from the 
le III, mitochondria during the aging process. 
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INCUBATION TIME (MINS) 

Fic. 1. Effect of adding serum albumin at different times. 
Curve 1, no albumin present; Curve 2, albumin added at Point A; 
Curve 3, albumin added at Point B; Curve 4, albumin added at 
Point C; Curve 6, albumin, 3 mg, present throughout the ineuba- 
tion period. Mitochondria were aged for 20 minutes. 


It was found that the addition of the supernatant fraction of 
an aged mitochondrial suspension to fresh mitochondria produces 
no uncoupling. Furthermore, replacement of the supernatant 
fraction of an aged mitochondrial suspension with 0.25 sucrose 
does not lead to an increased P: ratio. 

Treatment of Mitochondria with Serum Albumin—In order to 
try to test the possibility that some uncoupling agent is being 
released within or on the surface of the mitochondria, oxidative 
phosphorylation was measured with aged mitochondria washed 
with albumin and with mitochondria aged in the presence of 
albumin. As shown in Table IV, these treatments do not lead 
to a restoration of phosphorylation similar to that obtained when 
albumin is present in the incubation medium. Sucrose was 
found to have no effect on the action of albumin. Experiments 
were also conducted to determine whether aged mitochondria can 
be reactivated by washing with albumin in the presence of the 
incubation medium. No such effect was observed. As in the 
case of the aged mitochondria, washing the submitochondrial 
particles with albumin does not result in an increased phosphoryl- 


bumin, 
TaBie IV 
) have Effect of presence of albumin in aging and washing media 
ed for} The mitochondria were aged for 30 minutes at 37° and then kept at 0° for 10 minutes in the various washing media before centrif- 
ystem. | ugation. 
d the 
tri Aging medium Washing medium Addition 0; -4P P:0 
This patoms pmoles 
le III,. | Sucrose, 0.25 M Sucrose, 0.25 M None 5.7 0.8 0.14 
ubmi- Albumin, 3 mg 7.2 5.7 0.79 
effee- 
Sucrose, 0.25 M Sucrose, 0.25 mu + albumin, 0.33% | None 7.5 1.8 0.24 
Albumin, 3 mg 7.7 6.0 0.79 
. Sucrose, 0.25 m + albumin, 0.33% Sucrose, 0.25 u None 6.4 2.0 0.31 
on : Albumin, 3 mg 7.4 6.0 0.81 
nce 
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YMOLES ALBUMIN 

Fic. 2. Binding of oleate by native and denatured serum al- 
bumin. The incubation medium contained 5 X 10 M sodium 
oleate, 0.15 m NaCl, varying concentrations of the albumin prepa- 
rations, and 0.3 ml of a 1:10 (volume for volume) dilution of rat 
red blood cells, washed three times with 0.15 M1 NaCl. The final 
volume of the incubation medium was 4.0 ml. Incubations were 
carried out for 10 minutes at 37°. The amount of hemoglobin re- 
leased from the red blood cells was used as a measure of the degree 
of hemolysis. The hemoglobin concentration was measured in a 
dilute ammonium hydroxide solution spectrophotometrically at 
540 ma. O——O, native albumin; X——X, denatured albumin. 


Comparison of Fatty Acid-binding Capacity—The studies of 
Hulsmann et al. (8), Lehninger and Remmert (7), and Borst and 
Loos (9) suggest that a fatty acid may be responsible for the loss 
of oxidative phosphorylation when mitochondria are disrupted. 
If albumin restores oxidative phosphorylation by binding a fatty 
acid, the relative effectiveness of the various albumin prep- 
arations described above may be similar to their relative fatty 
acid-binding abilities. The binding abilities of two of these prep- 
arations were compared by measuring their effectiveness in pre- 
venting the hemolysis of red blood cells (31). The results are 
shown in Fig. 2. The decreased affinity of denatured serum al- 
bumin is consistent with the observations of Boyer et al. (31) who 
found that urea denaturation results in a 40% decrease in the 
affinity of albumin for caprylate. 

Effect of Serum Albumin on Uncoupling by Oleate—The effect 
of native and denatured albumin on uncoupling produced by 
oleate is shown in Table V, Experiment 1. This parallels their 
relative abilities to restore phosphorylation in aged mitochon- 
dria. The low molecular weight fragment of albumin and co- 
agulated albumin described above were also effective in prevent- 
ing oleate uncoupling. In the above experiments, the oleate and 
albumin were preincubated before the addition of the mitochon- 
dria. This does not measure the ability of albumin to restore 
oxidative phosphorylation in mitochondria previously uncoupled 
by sodium oleate. The latter situation more closely duplicates 
the events occurring during aging if the effects of aging are due 
to the release of a fatty acid-uncoupling agent. The results 
shown in Table V, Experiment 1, clearly indicate that native 
albumin can reverse the uncoupling produced by the pretreat- 
ment of unaged mitochondria with oleate, whereas denatured 
albumin is again without effect. The oleate-treated mitochon- 
dria were not reactivated by washing with albumin. Incubation 
of the oleate-treated mitochondria for 10 minutes at 0° with an 
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amount of serum albumin 2 to 4 times in excess of that required to 
bind all of the oleate added, followed by removal of the albumin, 
did not result in a significant restoration of phosphorylation. 

A further similarity is shown in Table VI. Native and 
denatured albumin have similar effects in the ATP-P; exchange 
reaction in both oleate-treated and aged mitochondria. 


Role of Anion-binding Sites of Serum Albumin 

Effect of Saturation of Binding Sites—The sites of albumin to 
which anions are bound were blocked to varying degrees by the 
formation of albumin-oleate complexes, and these complexes 
were then tested for their ability to restore oxidative phosphoryl. 
ation in aged mitochondria. The results shown in Table VII 
indicate that saturation of these sites results in a loss of albumin 
activity. This loss cannot be attributed to the action of the 
oleate present in the complex. It may be seen in Table V, 
Experiment 1, that 2 X 10-* M sodium oleate, the amount of 
oleate added in the form of the 1 M albumin-15 oleate complex, 
produces very little effect in the presence of 3 mg of albumin, 

Effect of Serum Albumin on Uncoupling Produced by Other 
Agents—The fact that albumin can bind fatty acids, that fatty 
acids can cause uncoupling, and even the demonstration that 
fatty acids are released during aging does not rule out the 
possibility that the uncoupling occurring during aging is being 
caused by a different agent or by different circumstances entirely, 
It was of considerable interest, therefore, to determine the effect 
of albumin and denatured albumin on the uncoupling produced 
by other agents. 

The uncoupling action of sodium dodecyl] sulfate is also pre- 


TABLE V 
Effect of albumin on uncoupling produced by 
oleate and sodium dodecyl sulfate 
Oleate-treated mitochondria were prepared by incubating a 
mitochondrial suspension with 1.2 X 10] M sodium oleate for 15 
minutes at 0°. The final concentration in the reaction medium 
was 1.6 X 10M. 


i Addition O. P| P:0 
ualoms umoles 
ᷣ 13.3 23.2 | 1.75 
— | Albumin, 3 mg...................... 14.9 26.5 1.78 
12.8 11.5 0.90 
— | Oleate, I X 10, + albumin, 3 mg. 14.5 25.81.78 
S „„ 12.3 | 4.3 | 0.35 
— | Oleate, 2 X 10 m + albumin, 3 mg. 14.2 23.8 | 1.8 
— | Oleate,3 X 10-*m................... 13.2 | 0.4 | 0.8 
— | Oleate, 3 X 10 M + albumin, 3 mg. 13.9 11.0 0.79 
˙ ĩ⅛˙ 10.9 18.2 1.67 
tm. 8.3 | 4.0 | 0.4 
+ | Albumin, 3 mg 9.5 16.7 1.70 
+ | Denatured albumin, 3 mg............ 10.2 | 4.3 | 0.42 
— | Sodium dodecyl sulfate, 2 X 10 m..| 6.7 | 2.8 | 0.42 
— | Sodium dodecyl sulfate, 2 X 10 M + 10.9 18.2 1.67 
albumin, 3 ggg. 
— | Sodium dodecyl sulfate, 2 X 10°‘ m + | 7.8 2.2 0.28 
denatured albumin, 3 mg.......... 
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VI 

Effect of serum albumin on exchange of phosphate with ATP 

The test system for the ATP-P;* exchange reaction consisted 
of 0.01 M potassium phosphate, pH 7.4, containing 4 X 10° c.p.m. 
of Pu, 0.007 « ATP, and 0.9 mg of mitochondrial protein, in a 
final volume of 0.5 ml. The oleate-mitochondrial mixture was 
allowed to stand for 15 minutes at 0° before addition to the reaction 
flask. Incubation was for 5 minutes at 25°. 


Mitochondria Addition —— 

Untreated None 435 
Albumin, 0.5 mg 530 
Denatured albumin, 457 

0.5 mg 
Aged for 15 minutes at 37° None 62 
Albumin, 0.5 mg 270 
Denatured albumin, 61 

0.5 mg 
Aged for 30 minutes at 37° None 0 
Albumin, 0.5 mg 154 
Denatured albumin, 0 

0.5 mg 
Sodium oleate, 0.3 ywmole + | None 75 
mitochondrial protein, 6 mg | Albumin, 0.5 mg 510 
Denatured albumin, 82 

0.5 mg 
Sodium oleate, 0.6 ywmole + | None 1 
mitochondrial protein, 6 mg Albumin, 0.5 mg 406 
Denatured albumin, 2 

0.5 mg 
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Tant VII 
Effect of serum albumin-sodium oleate complex 

on aged mitochondria 
Mitochondria were aged for 30 minutes at 37°. The albumin- 
oleate complexes were prepared by mixing a concentrated solu- 
tion of sodium oleate with a 1% solution of serum albumin. The 
mixtures were allowed to stand for at least 12 hours at 4° before 
addition to the incubation medium. Albumin, 3 mg (0.044 

umole), was added in the form of the albumin-oleate complex. 


Addition 0s P:0 

patoms pmoles 
7.9 3.3 0.42 
Albumin, 3 mg.................. 7.2 11.1 1.54 
Albumin-sodium oleate (1m:10m).| 9.7 7.2 0.74 
Albumin-sodium oleate (Iu: 180) 8.5 2.7 0.32 


vented by native albumin but not by denatured albumin (Table 
V, Experiment 3). Experiments were also carried out to deter- 
mine the effect of native and denatured albumin on the un- 
coupling produced by 2,4-dinitrophenol, pentachlorophenol, and 
Dicumarol. In these cases also, native albumin has an effect on 
the uncoupling produced, whereas denatured albumin is without 
any effect (Fig. 3). Weinbach (6) has previously reported the 
ability of native albumin to prevent uncoupling by penta- 
chlorophenol. 


The data presented are consistent with the suggestion that 
albumin reverses the effects of aging by a mechanism involving 
some of the sites on the molecule responsible for the binding of 
anions. It has been shown that albumin can bind sodium oleate 
as indicated by its ability to prevent the hemolysis of red blood 


MOLES Pj UTILIZED 


Fic. 3. Effect of albumin on uncoupling produced by 2,4-dinitrophenol, pentachlorophenol, and dicumarol. O——O, no albumin; 
@—@, denatured albumin; XX, native albumin. 
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cells and the uncoupling of oxidative phosphorylation produced 
by oleate. In contrast, denatured albumin has a decreased 
affinity for oleate and no ability to prevent uncoupling of oxi- 
dative phosphorylation. In addition, when the binding sites of 
albumin are made complex to varying degrees by oleate, the 
ability of albumin to exert its effect is correspondingly dimin- 
ished. Albumin can prevent uncoupling by another anionic 
agent, dodecyl sulfate, whereas denatured albumin is again with- 
out effect. The findings obtained with 2,4-dinitrophenol, 
pentachlorophenol, and Dicumarol are somewhat difficult to 
assess. It is not known whether these substances must be in 
their anionic forms to act as uncoupling agents, although Myers 
and Slater (32) have suggested that this is probably the case 
for dinitrophenol. 

Goodman (33) has studied the binding of six long chain fatty 
acids to serum albumin and was able to determine the presence 
of three distinct classes of binding sites. Of the approximately 
27 sites available per mole of albumin, 2 were found to have a 
very high affinity, 5 an intermediate affinity, and the remainder 
a distinctly lower affinity. A study of the binding constants of 
the various fatty acids for each of these three groups of binding 
sites revealed that oleate is bound to the high affinity sites more 
readily than any of the other fatty acids tested. The author 
has speculated that oleate may contain the optimal structure for 
reacting with the high affinity sites. There is, however, no 
preferential binding of oleate to the other two classes of binding 
sites. Karush (34) has reported that albumin binds dodecyl 
sulfate to three different types of sites. He concluded that there 
are 1 to 2 high affinity sites, and also 2 other groups of sites 
containing 4 to 5 and about 17 sites, respectively, to which the 
compound can also be bound. It is interesting to speculate 
that the decreased affinity for oleate of denatured albumin may 
mean that the effect of albumin on oxidative phosphorylation is 
a property of the high affinity sites. 

If the effect of albumin is due to its ability to bind an anionic 
uncoupling agent released during the aging process, several 
restrictions must be placed on how the albumin is functioning. 
It has been shown that washing aged mitochondria, submito- 
chondrial particles, or oleate-treated mitochondria with albumin 
does not result in a significant increase of the phosphorylation 
rate. Therefore, any uncoupling agent present in each case 
probably has a greater affinity for the mitochondria than for 
albumin. Kamin and Handler (35) have demonstrated that rat 
liver mitochondria can bind dinitrophenol very tightly under 
certain conditions, but Low et al. (36) have reported that dini- 
trophenol can be removed from mitochondria by washing. 
Therefore, the relative affinity of mitochondria and albumin for 
dinitrophenol cannot be assessed at present. 

It is of interest that the ability of the various albumin prepara- 
ations to reverse the effects of aging parallels immunological 
activity. The authors have been unable to find any data in the 
literature that indicates which portion of the albumin molecule 
is necessary for the antigen-antibody reaction, but the results 
above are very suggestive that some of the sites involved in 
binding anions may be implicated. 

An alternate explanation for the effect of albumin is that it 


reactivates the phosphorylating mechanism after it has been 


inactivated either in some unspecified manner or by an uncoupling 
factor released during aging. In either case, albumin would 
reverse the end result rather than prevent further change. This 


would be consistent with the observation that albumin must be 
present in the incubation medium to exert its effect. 

Several of the observations reported above are in contrast with 
certain results of other investigators, indicating that serum 
albumin may act differently in systems derived from different 
sources. For example, Sacktor et al. (28) have reported 3 
requirement for the free —SH group of albumin for activity og 
mitochondria obtained from flight muscle of the housefly. This 
is in contrast with our finding that the —SH group of albumin 
was not required for activity with aged rat liver mitochondria 
The observation that washing aged mitochondria with albumin 
does not result in a reaction of the mitochondria is in disagree. 
ment with the results of Wojtczak and Wojtczak (37). They re 
ported that the beneficial effects of albumin on oxidative phos. 
phorylation in mitochondria from larvae of the wax moth could 
be duplicated by washing the mitochondria with albumin. Both 
of these points of disagreement occurred with insect mitochon- 
dria, suggesting that the mechanism of action of albumin on 
aged rat liver mitochondria may be different from its action on 
insect mitochondria. 

Lehninger and Remmert (7) have reported that after washing 
aged digitonin fragments with albumin, they were able to extract 
an uncoupling factor from the albumin. However, the author 
did not comment on the effect of this albumin wash on the phos- 
phorylating activity of the aged fragments. Thus, it is not 
clear whether or not these results are in contrast with our finding 
that the digitonin fragments could not be reactivated by washing 
with albumin. 

SUMMARY 


Bovine serum albumin can restore the ability of rat liver mito- 
chondria to carry out oxidative phosphorylation with B-hydrox- 
ybutyrate, succinate, and cytochrome c plus ascorbate a 
substrates after aging at 37°. The phosphorylation with cyto- 
chrome c plus ascorbate as substrate is lost relatively quickly but 
the P: O ratio with succinate is well over 1 at a time when it is 
zero with cytochrome c plus ascorbate. 

Acid digestion or heat denaturation of albumin destroys its 
activity. However, coagulated albumin and a low molecular 
weight fragment of albumin, both of which are immunologically 
active, stimulate the phosphorylation rate in aged mitochondria. 
p-Chloromercuribenzoate treatment of albumin does not affect 
its activity. 

The stimulation by albumin is constant throughout the incuba- 
tion period and does not appear to be due to the binding of an 
uncoupling agent released into the medium. Washing aged mi- 
tochondria with albumin, or aging mitochondria in the presence 
of albumin, does not lead to a restoration of oxidative phos 
phorylation. 

The heat denaturation of albumin results in an alteration in 
its affinity for sodium oleate and a complete loss in the ability to 
reverse the effects of uncoupling produced by sodium oleate. 

Saturation of the binding site of albumin by the formation of 
an albumin-oleate complex results in a loss of the ability to 
reverse the effects of aging. 

Native albumin, but not denatured albumin, can prevent u- 
coupling produced by sodium oleate, sodium laury) sulfate, 2,4 


dinitrophenol, pentachlorophenol, and Dicumarol. 
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Addendum—Wojtczak and Wojtczak (Biochem. Biophys. 
Acta, 39, 277 (1960)) have reported that albumin treated with 
p-chloromercuribensoate was inactive in restoring the P;-ATP 
exchange reaction. They attributed the inhibition to excessive 
amounts of the mercuribenzoate bound to the albumin. Albu- 
min that had been iodinated to oxidize the sulfhydryl groups had 
full activity. 
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Isolation of Novel Disaccharides from Chondroitin Sulfates* 


SakARU Svuzukif 
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In a previous paper, the enzymatic transfer of sulfate from 
S*5-phosphoadenosine phosphosulfate to acetylgalactosamine 
monosulfate with formation of a radioactive product chromato- 
graphically identical to chemically synthesized acetylgalactosa- 
mine disulfate has been reported (1). Oligosaccharides with 
properties suggesting that they might contain polysulfated 
acetylgalactosamine were also isolated from hyaluronidase di- 
gests of enzymatically sulfated chondroitin sulfate A (2). These 
observations suggested the possibility that oligosaccharides 
bearing more than one sulfate residue per acetylgalactosamine 
residue might be isolated from naturally occurring chondroitin 
sulfate preparations. 

Three types of chondroitin sulfate, termed ChS-A,' ChS-B, 
and ChS-C, are now recognized (3). The major repeating units 
of these compounds are believed to be (a) 8-1,3-glucuronido- 
N-acetylgalactosamine-4-sulfate, (b) 8-1 ,3-iduronido-N-acetyl- 
galactosamine-4-sulfate, and (c) 8-1 ,3-glucuronido-N-acetylga- 
lactosamine-6-sulfate, respectively. In addition a chondroitin 
sulfate (which, for reasons which will become evident, will be 
termed ChS-D) has been isolated from shark cartilage (4, 5). 
This compound has an infrared spectrum identical to that of 
ChS-C (6), and it has been suggested that it is, therefore, identi- 
cal to ChS-C isolated by Meyer et al. (7, 8) from human chon- 
drosarcoma. However, the unusually high sulfur content of 
ChS-D (7.6% which calculates to 1.3 residues of sulfate per 
acetylgalactosamine residue)“ and the nonidentity of the two 
polysaccharides as acceptors in enzymatic sulfation (9) suggested 
that they might be distinct polysaccharides. 

Sulfated and nonsulfated disaccharides have been prepared 
from ChS-A, ChS-B, and ChS-D by digestion of the polysac- 
charides by an enzyme preparation from Proteus vulgaris, which 
contains both a chondroitinase and a chondrosulfatase (10). 
The characterization of these products will be reported in this 
paper. 

* Supported by Grant A-1158 from the United States Public 
Health Service to Dr. Jack L. Strominger. 

t Present address, Department of General Education, Nagoya 
University, Nagoya, Japan. 

1The abbreviations used are: ChS-A, ChS-B, and ChS-C, 
chondroitin sulfates A, B, and C; GalNAc, N-acetylgalactosa- 
mine; GalNAc-4S and GalNAc-6S, N-acetylgalactosamine-4- 
sulfate and -6-sulfate. Abbreviations for disaccharides are indi- 
cated in the text. 

? More exact chemical names for these compounds are (a) 
3-0-(8-p-glucopyranosyluronic acid)-2-deoxy-2-acetylamino-p-ga- 
lactose-4-sulfate, (b) 3-O-(8-p-idopyranosyluronic acid)-2-deoxy- 
2-acetylamino-p-galactose-4-sulfate, and (c) 3-O-(8-p-glucopy- 
ranosyluronic acid)-2-deoxy-2-acetylamino-p-galactose-6-sulfate, 
respectively. The shorter nomenclature (cf. 3) will, however, be 
used in the text. 

Other chondroitin sulfate preparations contain between 0.6 
and 0.9 sulfate residue per acetylgalactosamine residue (7). 


EXPERIMENTAL PROCEDURE 
Materials and Methods 


Polysaccharides—ChS-A (11) and ChS-B* (12) were kindly 
given by Dr. Roger Jeanloz. Chondroitin sulfate from shark 
cartilage (ChS-D) (4) was kindly given by Dr. F. Egami. The 
following analyses were obtained and calculated on a dry weight 
basis by allowing the sample of ChS-D to dry to a constant 
weight at 80° in a vacuum: (a) nitrogen by micro-Kjeldhahl, 
2.51%; () sulfate-S, 7.57%; (c) galactosamine, 35.3%; (d 
glucuronic acid, 37.8%; and (e) ash, 27.9%. The values were 
close to the theoretical values calculated for n · Ci NSNa, 
except for the unusually high sulfate content (S/N, 1.32). By 
means of Dowex 50-H* column chromatography, galactosamine 
was detected as a single hexosamine component and a crystal- 
line hydrochloride was obtained with m. p., 180°. Infrared spee- 
trum of the chondroitin sulfate has been described by Nakanishi, 
Takahashi, and Egami (6). 

Each of these preparations gave a single metachromatic band 
at the same position on paper electrophoresis (pH 7.0, 0.05 1 
phosphate). 

Chondroitinase and Chondrosulfatase—An acetone powder of 
P. vulgaris, Strain NCTC 4636, was kindly given by Dr. B. 
Spencer. A crude extract of this powder was prepared by the 
method described by Dodgson, Lloyd, and Spencer (14) (prepa- 
ration B), and was employed under the conditions described 
below. 

Preparation of Oligosaccharides—One gram of the chondroitin 
sulfate preparation (ChS-A, ChS-B, or ChS-D) was incubated 
in 100 ml of 0.08 m phosphate buffer, pH 7.8, containing 5 
mmoles of NaF and the extract from 2.5 g of P. vulgaris acetone 
powder. Phosphate and fluoride inhibited the chondrosulfatase 
in the preparation without affecting the chondroitinase. The 
mixture was incubated at 37° for 10 or 24 hours, acidified with 
acetic acid, and heated in a boiling water bath for 5 minutes. 
The precipitate was removed by centrifugation and discarded. 
The supernatant solution was run onto a column containing 15g 
of Darco G-60 mixed with 15 g of Celite 535. The column was 
washed with 200 ml of water and then eluted with 200 ml of 5% 
aqueous pyridine. The eluate was reduced in volume on 8 
rotating evaporator and then taken to dryness over PO; ins 
vacuum. The yields were 0.75 g, 0.60 g, and 0.75 g from ChS- A, 
ChS-B, and ChS-D, respectively. To separate the oligosac- 
charides, these powders were dissolved in 4 volumes of water 


The preparation ChS-B was resistant to enzymatic hydrolysis 
by testicular hyaluronidase. Although a paper chromatogram 
(13) of a hydrolysate of this sample showed that the major uronie 
component was iduronic acid, some glucuronic acid was also de- 
tected in the hydrolysate. 


of 


| 


A0i-OS 


Fig. 1. Paper chromatographic 
harides obtained by digestion of ChS-A, ChS-B, and 
ChS-D with Proteus chondroitinase. 


separation in solvent B of 


and chromatographed as bands (57 cm) on 8 sheets of Whatman 
No. 3MM filter paper in solvent B (see below) for 48 hours. 
Guide strips were cut and oligosaccharides were located by 
aniline hydrogen phthalate (15) (Fig. 1). These compounds 
were eluted from the remainder of the chromatograms with 
water. After drying the eluates in a vacuum over PO,, further 
purifications were carried out by precipitating the compounds 
with acetone from aqueous methanol solutions. 

Paper Chromatography and Electrophoresis—Descending paper 
chromatography was carried out on Whatman No. 3MM filter 
paper in the following solvents: A, isobutyric acid-0.5 N am- 
monia (5:3); B, n-butanol-acetic acid-water (50:12:25). 

Paper electrophoresis was carried out on Whatman No. 1 
paper in 0.05 M acetate buffer, pH 5.2, at a potential gradient 
of 15 volts per cm for 2 hours (16). All compounds could be 
detected with the aniline hydrogen phthalate spray (15). As a 
consequence of the fact that a,@-unsaturated acids absorb 
ultraviolet light (17), compounds containing A4,5-glucuronic 
acid were detected also by ultraviolet absorption photography 
(Fig. 2). Several compounds containing an unusual sulfate 
residue, presumably on A4,5-glucuronic acid (see below), were 
visualized as yellow spots by heating the chromatogram at 130° 
for 10 minutes. The mechanism of this color reaction is un- 
known. 

Periodate Oxidation—The microtechnique for the determina- 
tions of periodate consumption and formaldehyde liberation 
was described in a previous paper (18). Oxidations were car- 
ried out at 28° in acetate buffer, pH 4.5. Under these condi- 
tions, acetylgalactosamine consumed 5 moles of periodate in 
1 to 2 hours with no further uptake during 22 hours. 

To isolate periodate-resistant fragments of disaccharides, 10 
pmoles of the disaccharide were dissolved into 2 ml of 0.2 M 
acetate buffer, pH 4.5, containing 100 ymoles of periodate and 
the mixture was kept in the dark at room temperature until 
the consumption reached a maximum (cf. Fig. 6). The mixture 
was then put on Whatman No. 3MM filter paper as a thin line, 
40 em long, and chromatographed in solvent B for 48 hours. 
Several guide strips were cut from the chromatogram and 
sprayed with aniline hydrogen phthalate, and heated at 130° 
for 5 minutes. Fragments not destroyed by periodate were 
visualized as yellow, brown, or purple bands. Periodate and 


S. Suzuki 


Fic. 2. Ultraviolet — — print a 1 strip 
with unsaturated disaccharides 


iodate were also located as brown bands (Re, (mobility relative 
to glucuronic acid) 0.58 and 0.32, respectively). The fragments 
thus located were eluted from the chromatogram with water. 

Infrared Spectroscopy—Spectra were obtained with KBr pel- 
lets in a Perkin-Elmer model 21 spectrophotometer with a NaCl 
prism. The amount of sample was 0.1 umole and 907% ethanol 
was used to dissolve it. 

Other Analytical Procedures—Elementary analyses were per- 
formed by P. Mansour, Zurich, Switzerland. Methods for 
measurements of amino sugar and reducing end group have 
been described previously (1). 44, 5-Glucuronie acid was meas- 
ured by the Dische carbazole reaction (19), in which test its 
extinction coefficient is similar to that of glucuronic acid (17). 

The procedure for determination of sulfate (20) was modified 
to a semimicro scale so that the final volume of colored solution 
was 2.5 ml. In the range of 3.5 to 11 yg of sulfate the standard 
curve prepared in this way is linear. 

Bromine uptake was measured as follows: about 0.4 wmole of 
sample was dissolved in 500 yl of methanol. 100 yl of 0.1 M 
bromine solution in chloroform were then added. After stand- 
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3582 Novel Disaccharides from Chondroitin Sulfates 
TaBLeE | 
Analytical data 
Electro- —— — mp in HCHO 
Rp in Rea in group , Bra uptake, 
solvent A | solvent B | Phorstic 
Sulfate amine 

pa 
Di-OS 0.46 0.81 16.0 0.98 0.00 1.25 13 ,000 200 0.00 0.39 
Di-48 0.30 0.42 28.0 0.88 0.96 0.90 1,000 200 0.00 0.13 
ADi-OS 0.50 1.40 16.0 0. 98 0.00 1.09 15,000 7,900 1.10 0.36 
ADi-48 0.40 0.63 28.0 0.92 0.92 0.56 800 6,700 0.78 0.07 
ADi-6S 0.35 0.63 28.0 0.94 0.99 0.82 15,000 7,200 0.99 0.03 
ADi-monoSp 0.33 0.63 28.0 1.00 1.10 0.98 13 ,000 6, 900 0.74 0.55 
ADi-diSp 0.21 0.31 39.0 1.02 2.08 0.47 1,300 6, 900 0.57 
ADi-diSp 0.18 0.31 39.0 0.90 1.90 0.62 13 ,000 6,900 0.73 0.15 


* Periodate oxidations were performed at pH 4.5 for 20 hours. At pH 7.5, the values were about twice as high. 


ing for 15 minutes in the dark, the uptake of bromine was meas- 
ured by iodometric titration. The titration value was sub- 
tracted from a reagent blank. 


The following compounds have been isolated from the original 
chondroitinase digests of the various polysaccharides (Fig. 1): 
(a) A4,5-glucuronido-acetylgalactosamine (ADi-OS) from each 
of the polysaccharides (yield, about 400 mg per g of original 
polysaccharide); A4,5-glucuronido-acetylgalactosamine-4- 
sulfate (ADi-4S) from ChS-A and ChS-B (yield, 100 to 200 
mg); (c) 44,5-glucuronido-acetylgalactosamine-6-sulfate (ADi- 
6S) from ChS-D (yield, 100 to 200 mg); (d) a 44,5-glucuronido- 
acetylgalactosamine-6-sulfate bearing a second sulfate residue 
believed to be on the glucuronic acid moiety (ADi-diS») from 
Ch8-D (yield, 25 mg). A sulfate residue could be removed 
enzymatically from this compound to give a product, ADi- 
monoSp (an isomer of ADi-6S and ADi-4S), believed to contain 
a sulfate residue on the glucuronic acid moiety. Finally, (e) a 
disulfated A4, 5- glucuronido-acetylgalactosamine (ADi-diSs) 
from ChS-B (yield, 10 mg), distinct from ADi-<diSp.' The 
evidence for these assignments follows. 

Chromatographic and Electrophoretic Mobilities—The mono- 
sulfated disaccharides migrated electrophoretically almost 2 
times as fast as the nonsulfated disaccharides, and disulfated 
disaccharides at almost 3 times the rate of the nonsulfated com- 
pounds (Fig. 2). These data are compatible with structures 
containing 1, 2, and 3 net negative charges. However, the 
nonsulfated disaccharides (ADi-OS and glucuronido-acetylga- 
lactosamine (Di-OS)) had the same electrophoretic mobilities 
(Table I). Similarly, the monosulfated disaccharides (ADi-4S, 
ADi-6S, ADi-monoSp, and glucuronido-acetylgalactosamine-4- 
sulfate (Di-4S)) and the disulfated disaccharides (ADi-diSp and 
ADi-diSs) had equal electrophoretic speeds. 

ADi-OS and ADi-48 have larger Rp values in the two solvents 
employed than Di-OS and Di-4S (1) (which do not contain the 
A4,5-glucuronic acid moiety) previously isolated from hyaluroni- 


5 A small amount of ChS-C was kindly given by Dr. K. Meyer, 
and was also degraded to give three compounds with Ry values 
corresponding to ADi-6S, ADi-OS, and GalNAc. Heparin was 
not hydrolyzed by this preparation. It should be especially noted 
that disulfated disaccharides were not observed with ChS-A, 

Ch8S-C or heparin. 


dase digests of ChS-A. The isomeric monosulfated unsaturated 
disaccharides were separated in solvent A as were the two di- 
sulfated disaccharides (Fig. 3). 

Analytical Data—The ratios of galactosamine and sulfate to 
glucuronic acid were close to the theoretical values for the pro- 
posed structures (Table I). 

The ratio of reducing groups to galactosamine indicated that 
ADi-OS could not be larger than the disaccharide. ADi-48 and 
ADi-6S have lower reducing values than ADi-OS, presumably 
due to the sulfate substituent. As previously observed (18), 
sulfation depresses the reducing value of GalNAc, sulfation at 
the 4-position resulting in a greater depression than sulfation at 
the 6-position. The high reducing value of ADi-monoS» sug- 
gests that the acetylgalactosamine moiety in this compound is 
not substituted with sulfate. 

Each of the compounds was hydrolyzed in 6 * HCl at 100° 
for 15 hours. The resulting amino sugar was degraded with 
ninhydrin to a pentose which was identified by paper chroma- 
tography (21). Lyxose was the only pentose observed and 
hence each of the disaccharides contained only acetylgalactosa- 


mine. 

The sample of ADi-OS was purified for analyses by repeating 
the precipitations from methanol with acetone and was dried 
in a vacuum over PQs. 

Cy.H210uN 
Calculated: C 44.33, H 5.58, N 3.69 
Found: C 44.71, H 6.17, N 4.03 

Evidence for A-4 ,5-Unsaturated Uronic Acid Component—Each 
of the oligosaccharides had the characteristic ultraviolet absorp- 
tion spectrum of an , G- unsaturated acid (Fig. 4). The ex- 
tinction coefficient at 232 my, based on uronic acid content, was 
in each case about 7000 (Table I). This absorption of ultra- 
violet light permitted detection of the compounds on paper 
chromatograms under a Mineralight“ or by ultraviolet absorp- 
tion photography as described by Markham and Smith (16) 
(Fig. 2). 

Each of the compounds took up about 1 mole of bromine 
per mole of disaccharide (Table I). The acid lability of the 
uronic acid moieties in several cases (see below) also distin- 
guishes these compounds from the oligosaccharides containing 
a saturated glucuronic acid moiety. 

Morgan-Elson Reactions—The extinction coefficient at 585 
mu of GalNAc in the modified Morgan-Elson reaction (22) is 
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9000. Di-OS, ADi-OS, ADi-6S, ADi-diSp, and ADi-monoS >» all 
have extinction coefficients in the range of 13 to 15,000, based 
on glucuronic acid (Table I). This value indicates (a) that the 
amino sugar is the reducing component of the disaccharide 
(since a free aldehyde is a requirement of the color reaction) and 
(b) that the size of the oligosaccharide cannot be larger than the 
disaccharide. The fact that the extinction coefficient is greater 
than that of GalNAc suggests that the 3-position is substituted, 
presumably by the 44,5-glucuronic acid moiety. These high 
values also exclude substitution at the 4-position which is known 
to inhibit greatly the color reaction (cf. 18). Di-48, ADi-4S, 
and ADi-diSg have very low extinction coefficients (Table I), 
suggesting that the 4-position is substituted in each of these com- 
pounds. 

Aniline Hydrogen Phthalate Color—ADi-OS, ADi-6S, ADi- 
diS,, and ADi-monoSp gave brown colors on paper chromato- 
grams when sprayed with aniline hydrogen phthalate and 
heated at 130° for 5 minutes. ADi-4S and ADi-diS, gave purple 
colors. It has been shown previously that GalNAc and Gal- 
NAc-68 yield a brown color in this reaction whereas GalN Ac-4S 
yields a purple color (18). ADi-diSg, ADi-diSp, and ADi- 
MoNOSp also gave yellow colors without the reagent when heated 
at 130° for 10 minutes. 

Acid Hydrolysis—Treatment of ADi-4S and ADi-6S in 0.04 
x HCI at 100° for 60 minutes converted these compounds in a 
yield of over 80% to compounds chromatographically and elec- 
trophoretically identical to GalNAc-4S8 and GalN Ac-6S, respec- 
tively. A complete characterization of these monosaccharides 
has already been presented (18). Under these conditions about 
20% of ADi-diSp was converted in 60 minutes to ADi-monoSp, 
with concomitant liberation of sulfate. ADi-monoSp was com- 
pletely stable to acid hydrolysis, suggesting that this compound 
might contain a substituted A4,5-unsaturated glucuronic acid 
moiety. 

Digestion by Chondrosulfatase—The crude enzyme prepara- 
tion from P. vulgaris contains a chondrosulfatase (10). It was 
incubated with each of the sulfated unsaturated disaccharides 
in the absence of fluoride (a sulfatase inhibitor). ADi-4S and 
ADi-6S were each converted to a compound with the electro- 
phoretic mobility and analytical values of ADi-OS (Fig. 5). 
ADi-diSp was converted to a compound with the mobility of a 
monosulfated disaccharide (ADi-monoSp). Sulfate analyses at 
several time intervals indicated that a maximum of 1.1 moles of 
sulfate was released from ADi-diSp during the digestion. The 
isolated product, ADi-monoSp, contained 1 sulfate residue 
(Table I) but was completely resistant to further hydrolysis by 
the Proteus extract (Fig. 5). Neither of the sulfate residues 
could be removed from ADi-diS, by this preparation (Fig. 5). 

Periodate Oridation Although the absolute values for perio- 
date consumption of such complex molecules are difficult to 
interpret, the differences between various compounds can be 
more readily interpreted. ADi-4S consumed 4 moles of perio- 
date (Fig. 6). Since little or no formaldehyde was formed 
(Table I) during periodate oxidation and since GalN Ac-4-S can 
be recovered after exhaustive periodate oxidation of ADi-4S 
(see below), the 4 moles of periodate consumed presumably 
represent the periodate consumption of the 44, 5-glucuronic acid 
moiety. It has been noted previously that sulfation at the 4- 
position of GalNAc stabilizes the pyranose ring to some extent 
so that formaldehyde liberation occurs more slowly than from 
GalNAc (18). Apparently, the substitution in ADi-4S at both 
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Fido. 3. Paper chromatogram developed 
separation of all compounds. The spot due 
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Fro. 4. Ultraviolet absorption spectrum of a disaccharide con- 
taining 44,5-glucuronic acid (0.11 mole of ADi-6S in 1 ml. of 
water). Spectra of the other unsaturated disaccharides were 
essentially identical. 
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Fic. 5. Effect of chondrosulfatase on unsaturated disaccha- 
rides. To prepare the sample, 0.5 umole of each disaccharide 
was incubated in 0.05 ml of 0.02 M phosphate, pH 7.0, with extract 
equivalent to 0.1 mg of acetone powder of Proteus vulgaris. After 
8 hours, the incubation mixture was put on a small column contain- 
ing 13 mg of Darco G-60. The column was then washed with 0.14 
ml of water. The product was eluted from the column with 0.4 
ml of 5% pyridine. This solution was dried in a vacuum, redis- 
solved in water, and subjected to paper electrophoresis. Under 
these conditions partial hydrolysis of ADi-4S, ADi-6S, and ADi- 
diSp occurred. With a longer incubation time complete hydrol- 
ysis was obtained. Compare with Fig. 2. 


the 3- and 4-positions of GalNAc stabilizes the ring almost com- 
pletely. ADi-6S appears to be less stable to periodate since 1 
or 2 moles of periodate, in addition to those consumed by ADi- 
4S, are slowly taken up, with no formaldehyde formation. 
ADi-OS consumed 8 moles of periodate with liberation of about 
0.4 mole of formaldehyde. 

ADi-diSp rapidly consumed 1 mole of periodate. However, 
the significance of this is obscure since the solution became 
cloudy during the titration and ADi-diSp could be recovered 
intact after 1 hour of oxidation by paper chromatography of 
the periodate incubation mixture. One more mole was con- 


Novel Disaccharides from Chondroitin Sulfates 


Vol. 235, No. 2 


"| 


6 40i-OS 
ADi-6S 
4 — — 


MOLES OF 104 CONSUMED/MOLE 


22 40-56 
TIME (HOURS) 


Fic. 6. Rate of periodate consumption of unsaturated disac- 
charides. Note the difference in the scale of the ordinate for the 
two sections of the figure. 


sumed slowly. ADi-monoSp, derived from ADi-diSp by en- 
zymatic desulfation, consumed 2 additional moles of periodate. 
Although no formaldehyde was formed from ADi-diSp , 0.6 
mole was formed from ADi-monoS»y indicating that the sulfate 
removed by sulfatase had been linked to the primary alcohol 
group at C-6 of GalNAc. ADi-diSs consumed 2 moles of perio- 
date rapidly, accompanied by liberation of 0.6 mole of formalde- 
hyde. 

It is important to note that the minimal periodate consump- 
tion of the A4,5-glucuronic acid moiety is 4 moles. Therefore, 
both ADi-diSp and ADi-diSg must contain a substituted 44, 5 
glucuronic acid moiety. The substituent is presumably sulfate. 

Periodate Resistant Fragments—If either ADi-OS, ADi-4S or 
ADi-6S was treated for 2 hours with periodate, the glucuronic 
acid moiety (as measured by the carbazole reaction of the prod- 
ucts isolated by paper chromatography) was quantitatively de- 
stroyed. Chromatography of the reaction mixture in solvent B 
indicated the appearance of new products with Rg, values of 
2.01, 0.97, and 0.97, respectively. These products reacted with 
2 ,4-dinitrophenylhydrazine to give a hydrazone which gave a 
red color in alkali,* and are presumed to be the formate esters 
of GalNAc, GalNAc-4S, and GalNAc-6S. During recovery and 
manipulation, these fragments of ADi-4S and ADi-6S further 
decomposed to products with Rg, values of 0.75 and 0.75, which 
did not form hydrazones. Analyses of the final products indi- 
cated sulfate to amino sugar values of about 1. Data have 
been presented previously (18) which identify these products 
as GalNAc-4S and GalNAc-68S. The yields of the monosaccha- 
ride sulfates were 49 to 50% of unsaturated disaccharides. 

Chromatography of a 16-hour periodate digestion mixture of 
ADi-diSp resulted in recovery of only the unchanged compound. 
However, after 56 hours of digestion, a product was formed with 
Rea = 1.57 which contained sulfate and gave a positive carba- 


* To 0.2 umole of sample was added 0.02 ml of 0.4% 2,4-dinitro- 
phenylhydrazine in 2 n HCl. After a few minutes, 1 ml of 0.5% 
alcoholic KOH was added. The formation of a red color indicated 
the presence of a hydrazone. 

This product did not react with 2,4-dinitrophenylhydrazine. 
A smaller amount of another product (Rg = 1.80) which did form 
a hydrazone was also detected. 
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Fic. 7. Summary of reactions of ADi-4S and ADi-6S 


zole reaction, but did not contain amino sugar. The same 
product was formed after a 56-hour digestion of ADi-monoSp. 

The only conclusion to be drawn from these studies is that 
the A4,5-glucuronic acid moieties of ADi-OS, ADi-4S, and 
ADi-6S are rapidly destroyed by periodate whereas those in 
ADi-diSp and ADi-monoSp are relatively resistant to periodate. 
By contrast, the amino sugar in ADi-4S and ADi-6S is relatively 
resistant to periodate. However, the amino sugar in ADi- 
monoSp is susceptible to destruction by prolonged periodate 
oxidation. 

These data then also suggest that one of the sulfates of ADi- 
diSp (and the sulfate of ADi-monoSp) is located on the A4,5- 
glucuronic acid moiety. The occurrence of a hexosamine-free, 
carbazole-reactive fragment after periodate oxidation strongly 
supports this proposal. 

The reactions of ADi-4S and ADi-6S including desulfation 
with chondrosulfatase, oxidation with periodate, and degrada- 
tion with acid are summarized in Fig. 7. Possible structure of 
ADi-diSp is shown in Fig. 8. 

Infrared Spectroscopy Infrared spectra of disaccharides con- 
taining A4,5-glucuronic acid all showed bands at 785, 860, 910, 
and 980 em-i due to the double bond (Fig. 9). The sulfate 
absorption at 1230 em- was seen in all the sulfated compounds. 
It has been established previously that substitution of sulfate 
at the 4-position in GalNAc showed characteristic bands at 700, 
890, and 920 em- whereas substitution at the 6-position gave 
bands at 775, 820, and 992 mei (18). Although in A4,5-un- 
saturated disaccharides some of the sulfate bands overlapped 
with those of the double bond, bands at 700, 860, and 920 em- 
in ADi-4S and bands at 775, 820, and 992 cm- in ADi-6S and 
ADi-diSp were evident. Disappearance of the band at 992 
em-i in ADi-diSp after enzymatic desulfation (cf. spectrum of 
ADi-monoSp) supports the conclusion that the hydrolyzed sul- 
fate group was at the 6-position of GalNAc. No new bands 
were evident in ADi-diSs, ADi-diSp or ADi-monoSp which 
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could be assigned to the novel sulfate residue in these com- 
pounds. 
DISCUSSION 

Hyaluronidases of bacterial origin, which have been obtained 
from Pneumococcus, Staphylococcus, Streptococcus, and Clostrid- 
tum species, degrade hyaluronic acid to 44, 5-glucuronido-acetyl- 
glucosamine (23). However, various chondroitin sulfates are 
not degraded by these preparations. On the other hand an 
adaptive enzyme from Flavobacterium heparinum does degrade 
ChS-A and ChS-C to yield unsaturated oligosaccharides (23). 
It has been reported previously that the Proteus chondroitinase 
degrades ChS-A to yield a single product, glucuronido-acetyl- 
galactosamine-sulfate (N-acetylchondrosine sulfate) (10, 24, 25), 
the repeating unit of ChS-A. However, in this study it is clear 
that the major sulfated disaccharide produced by the action of 
this enzyme on ChS-A, ChS-B or ChS-D is a sulfated A4,5- 
glucuronido-acetylgalactosamine. No trace of N-acetylchondro- 
sine sulfate or any other saturated oligosaccharide has been 
found among the reaction products. The mechanism of action 
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of Proteus chondroitinase is, therefore, similar to that of other the 4-position of acetylgalactosamine in GalNAc-S from ChS. A, 
known bacterial hyaluronidases and chondroitinases. to the 4-position in GalNAc-S from ChS-B, and to the 6-position 

Previously, acetylgalactosamine sulfate has been isolated from in GalNAc-S from ChS-D through comparison with samples 
ChS-A, ChS-B, and ChS8-D. The sulfate has been assigned to which had been characterized as GalNAc-4S and GalNAc-6§ 
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(18). These data confirmed and extended earlier studies of 
the positions of the sulfate substituents (cf. 18). Data on the 
A4,5-glucuronido-acetylgalactosamine sulfates, reported in the 
present paper, are in agreement with these assignments. 

The most unusual feature of the present investigation is the 
isolation of disulfated disaccharides from ChS-B and from 


ChS-D, in amounts of 1% and 2.5% of these polysaccharides, 
respectively.“ These compounds were detected in the Proteus 


* However, although the polysaccharide preparations used were 
of high purity, the possibility of 2 to 5% contamination by another 
polysaccharide of the preparations used cannot be excluded. 
Hence the possibility that the disulfated disaccharides were 
derived from impurities which contained a very high proportion 
of disulfated disaccharides also cannot be excluded. The possi- 
bility that the disulfated disaccharides were formed by sulfate 
transfer during enzymatic digestion is unlikely since no such 
products were detected during digestion of ChS-A and ChS-C, and 

since there are other obvious differences between Chs-C and 
Chs. D (sulfate content and suitability as acceptor for mucopoly- 
saccharide sulfotransferase). 


chondroitinase digests as compounds with a high electrophoretic 
mobility. Various data, presented above, indicate that each of 
these compounds is a A4,5-glucuronido-acetylgalactosamine 
bearing two sulfate residues. It has been tentatively concluded 
that the compound from ChS-D is 44 ,5-sulfoglucuronido-acetyl- 
galactosamine-6-sulfate, bearing a novel sulfate residue on the 
2 or 3 position of the A4,5-glucuronic acid moiety. Although 
less information could be obtained about the disulfated disac- 
charide from ChS-B due to the smaller amount available, it is 
clearly a compound distinct from ADi-diSp’. 


With regard to the structure of ADi-diSs, ite infrared spec- 
trum, low Morgan-Elson reaction, and purple color with aniline 
hydrogen phthalate suggest that one of the sulfate residues may 
be on the 4-position of acetyl However, the fact 
that ADi-diS, is distinguished from 21-48 by ready liberation 
of formaldehyde and by resistance of both sulfate residues to the 
Proteus sulfatase is not entirely consistent with this proposal. The 
low periodate consumption of ADi- diss further suggests that the 
glucuronic acid moiety in this compound is also substituted, pos- 
sibly by the second sulfate residue. 
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Compounds with high electrophoretic mobility, presumably 
containing more than one sulfate residue per disaccharide, have 
also been obtained by enzymatic sulfation of ChS-A (2), and a 
mechanism for formation of acetylgalactosamine disulfate has 
been demonstrated (1). The complexity of the study of en- 
zymatic sulfation of mucopolysaccharides is illustrated by the 
occurrence of sulfate linked (a) to the 4-position of GalNAc in 
ChS-A and ChS-B, (b) to the 6-position of GalNAc in ChS-C 
and ChS-D, (c) to the amino group of glucosamine in heparin 
and heparitin, and (d) as shown here, probably to the 2 or 3 
position of glucuronic acid in ChS- D. 

SUMMARY | 

1. By means of enzymatic digestion with a chondroitinase 
preparation from Proteus vulgaris, 44 ,5-glucuronido-acetylga- 
lactosamine and its sulfate esters have been derived from chon- 
droitin sulfates A and B and from a chondroitin sulfate prepared 
from shark cartilage (chondroitin sulfate D). The sulfated 
disaccharide derived from both chondroitin sulfate A and chon- 
droitin sulfate B has been characterized as A4,5-glucuronido- 
acetylgalactosamine-4-sulfate, whereas that from chondroitin 
sulfate D is the 6-sulfate isomer. 

2. A novel disaccharide bearing two sulfates has also been 
isolated from the digest of chondroitin sulfate D. One of the 
_ gulfates is substituted at the 6-position of the acetylgalactosa- 
mine residue. Various data, particularly a low periodate con- 
sumption and the resistance of the uronic acid moiety to both 
periodate and acid, suggests that the second sulfate residue is 
substituted at the 2- or 3-position of the uronic acid. A similar 
but distinct disulfated disaccharide has been isolated from a 
chondroitin sulfate B preparation. 

Acknowledgment—Grateful acknowledgment is made to Dr. 
J. L. Strominger for his valuable discussions during these studies. 

A heparitin sulfotransferase has recently been separated by 
DEAE-cellulose chromatography from _ sulfotransferases for 
several other mucopolysaccharides, and evidence for further 
separability of these enzymes has been obtained (S. Suzuki, R. H. 
Threnn, and J. L. Strominger, in preparation). 
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Studies of the synthesis of noradrenaline from hydroxytyra- 
mine by enzyme preparations from beef adrenal medullae have 
been hindered by difficulties in obtaining large amounts of fresh 
glands. A report by Waalkes et al. (1) that noradrenaline is 
present in banana tissues prompted us to investigate bananas as 
a possible source of the hydroxylating enzyme, and it was found 
that homogenates of various banana tissues would convert hy- 
droxytyramine to noradrenaline (2). 


EXPERIMENTAL PROCEDURE AND RESULTS 


Formation of Noradrenaline by Banana Homogenates—Banana 
peel, pulp, banana stalk rind, and the pith of the stalk were 
separately homogenized in a Waring Blendor in 1% nonionic 
detergent solution (Cutscum, Fisher Scientific Company). Ali- 
quots of each tissue (100 mg) were incubated aerobically for 
1 hour in phosphate buffer, pH 7.4, with 1 umole of hydroxy- 
tyramine- Ci, 90,000 c.p.m. The reaction was stopped with tri- 
chloroacetic acid, and, after additions of 1 umole each of carrier 
noradrenaline and hydroxytyramine, the reaction products were 
isolated by ion exchange chromatography (3). Table I gives 
the specific activities of hydroxytyramine and noradrenaline re- 
sulting from incubations both with and without ascorbic acid. 
Ascorbic acid stimulated the incorporation of radioactivity into 
the noradrenaline peaks in homogenates of the banana peel and 
the stalk rind. The variable recovery of radioactivity in the 
hydroxytyramine fraction indicates the presence of other reac- 
tions which may have destroyed the noradrenaline as well as 
the hydroxytyramine. Thus, accurate comparison of enzyme 
activity in the different tissues was not possible. Most of the 
enzyme activity which was present in supernatants of low speed 
centrifugation still remained in the supernatant centrifuged at 
100,000 x g. 

The hydroxylating enzyme has been partially purified from 
acetone-dried powder of banana pulp. The powder was ex- 
tracted with a 1% solution of Cutscum yielding a viscous solu- 
tion which contained large amounts of polysaccharide. Poly- 
saccharides were precipitated by the addition of 0.1 volume of 
a 2% solution of polymyxin-B sulfate, and the resulting pro- 
tein solution was fractionated with ammonium sulfate. Hy- 
droxylating activity was found in the fraction precipitating be- 
tween 50 and 75% saturation. This enzyme preparation was 
consistently active, and good recoveries of total radioactivity 

were obtained from incubations with this preparation. At this 
level of purity the enzyme can be assayed fluorometrically by 

* This work was supported by a grant (H-4206) from the United 


States Public Health Service. 
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the method of von Euler and Floding (4) since hydroxytyra- 
mine produces only one-tenth the fluorescence of noradrenaline. 

Identification of Noradrenaline-C“—The reaction product of 
the partially purified enzyme was identified as noradrenaline 
by paper chromatography with use of two different solvents, 
by recrystallization to constant specific activity, by the fluoro- 
metric assay of von Euler and Floding (4), and by bioassay 
on blood pressure in the cat. Fig. 1 shows the separation of 
noradrenaline from hydroxytyramine by ion exchange chroma- 
tography (3) of an aliquot obtained from an incubation to which 
no hydroxytyramine or noradrenaline carrier was added. The 
amount of noradrenaline in each fraction was then determined 
by three different methods: fluorometry, calculation from the 
specific activity of the substrate, hydroxytyramine, and bioassay. 
Fig. 2 graphically presents the results of these independent as- 
says. The bioassay consistently indicated amounts that were 
one-half those obtained by fluorometric assay and by calculation 
from the specific activity of hydroxytyramine. Since the bioas- 
say is specific for t-noradrenaline, it appears likely that the as- 
sayed noradrenaline was the racemic mixture. To determine 
whether noradrenaline was racemized during isolation, synthetic 
L-noradrenaline was carried through the isolation procedure, but 
no loss of biological activity occurred as evidenced by agreement 
of the biological and spectrophotometric assays. This finding 
suggested that either the noradrenaline produced by the enzyme 
was the racemic mixture or that optically active noradrenaline 
was subsequently racemized before its isolation. 

Additional information in regard to this point was obtained 
by incubating synthetic L-noradrenaline with the partially puri- 
fied enzyme under conditions identical with those required for 
its synthesis from hydroxytyramine, and reisolating the norad- 
renaline. As a control for enzyme activity, an incubation mix- 
ture containing hydroxytyramine as substrate was used. The 
noradrenaline isolated from the mixture to which L-noradren- 
aline was added had the same activity when assayed by the 
biological and the fluorometric methods; the noradrenaline, iso- 
lated from the mixture to which hydroxytyramine was added 
as substrate, had only one-half of the activity by the biological 
assay as that determined by the fluorometric method. Thus, 
the noradrenaline was not racemized subsequent to its forma- 
tion. 

The previous report (1) on the presence of noradrenaline in 
bananas did not specify the optical configuration of the iso- 
lated compound. To determine whether or not the noradren- 
aline formed by the isolated enzyme was the same as that 
formed by the intact plant, noradrenaline was isolated from the 
peels of green bananas. The banana peels were homogenized 
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TaBie I 
Formation of noradrenaline by homogenates of banana tissues 
Each vessel contained 100 mg of tissue, 1 ml of 0.02 u phosphate 
buffer, pH 7.4, 1.16 wmoles of hydroxytyramine-C"* (92,000 c. p. m.), 
and 20 umoles of ascorbic acid where indicated, in a total volume 
of 2.5 ml. Incubations were at 37° for 1 hour in a 95% O:-5% 
CO, atmosphere. 


— Hydroxytyramine 
e. 

e 6, 100 2, 100 

Stalk rind + ascorbate 21,000 0 

Stalk pith................ 3,800 2,300 

Stalk pith + ascorbate 1,580 93 ,000 

Peel + ascorbate......... 19, 800 2,670 

9, 100 1,400 

Pulp + ascorbate......... 7,540 0 

Boiled homogenate....... 80 90 ,000 
7000- 
6000- 
$000- 
2000 - 
1000- 


26 20 30 32 3% 36 30 40 44 
FRACTION NO. 


Fic. 1. Separation of noradrenaline (first peak) and hydroxy- 
tyramine by ion exchange chromatography on Amberlite IRC-50 
(3). The resin was initially buffered at pH 5.6 and eluted with 
0.4 Mu ammonium acetate at pH 5.0. 


1.2- 
1.0- 
7* 
~ 
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6- 
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2- 
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FRACTION NO. 
Fic. 2. determination of noradrenaline in frac- 


tions isolated by ion exchange chromatography. A——A, bio- 
logical assay: @——@, fluorometric assay; O---O, calculated 
from specific activity of substrate hydroxytyramine-C". 
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in 10% trichloroacetic acid and filtered. After removal of the 
trichloroacetic acid from the filtrate by extraction with ether, the 
noradrenaline was isolated by absorption on alumina (5). The 
noradrenaline was then further purified by absorption on a 3 
x 1-cm column of Amberlite IRC-50 (3) and after elution, 
chromatographed on a 30 X 1-cm column of Amberlite IRC. 
50 buffered at pH 5.6, and eluted with 0.4 m ammonium ace- 
tate at pH 5.0. Trace amounts of hydroxytyramine-C™ were 
added as a marker to the banana peel extract before chroma- 
tography on the larger column. The seven fractions immedi- 
ately preceding the first fraction containing radioactivity were 
then assayed by the fluorometric and the biological methods, 
Again the fractions had only one-half of the activity by the 
biological assay as that determined by the fluorometric assay, 
The noradrenaline formed enzymatically in vitro thus has the 


Taste II 
Oxygen requirement for noradrenaline formation 
Each vessel contained 1 ml of 0.02 u phosphate buffer, pH 7.4, 
1 ml of enzyme solution and 1 mole of hydroxytyramine-C" 
(92,000 c.p.m.), in a total volume of 2.4 ml. Incubations were 
at 37° for 1 hour in a 95% O:-5% CO, atmosphere. 


c. p. m. / umol 
11, 800 75, 100 
Anaerob ie 162 | 78,200 
TABLE III 


Absence of nucleotide requirement for noradrenaline formation 

Each vessel contained 1 ml of 0.02 « phosphate buffer, pH 7.4, 
1 mole of hydroxytyramine, 1 ml of enzyme solution, and 1 
amole of nucleotide in a total volume of 2.2 ml. Incubations were 
at 37° for 1 hour in a 95% O:-5% CO: atmosphere. 


Noradrenaline formed 
Nucleotide 

Present Absent 

pmole 
0. 19 0. 17 
0.22 0.20 
0.22 0.23 
DD 0.19 0.25 
TPNH generator..... 0.31 0.21 

TaBLe IV 
Effect of ascorbate, ATP, cyanide, and Versene 
on noradrenaline formation 


Each vessel contained 1 ml of 0.02 m phosphate buffer, 1 ml of 
enzyme solution, and 1 wmole of hydroxytyramine, in a total vol- 
ume of 2.2 ml. Incubations were at 37° for 1 hour in a 95% 05% 
CO: atmosphere. 


— 


Additions 1 Noradrenaline 
umole 
0.11 
Ascorb ate 5 X 10 0. 00 
5 X 10°? 0.11 
1X 0.06 
1 xX 10 0.12 
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same ratio of fluorometric activity to biological activity as the 
noradrenaline isolated from the banana peel. It would seem, 
therefore, that both the noradrenaline formed in vitro and the 


% ˙ 
nonenzymatically in animal ensyme systems which synthesise 
noradrenaline and that hydroxydopamine could not be dis- 
tinguished from noradrenaline by chromatography or recrystal- 
lization to constant specific activity. Dr. Bernhard Witkop, at 
the National Institutes of Health, kindly provided a sample of 
this compound for comparison with our product. Hydroxy- 
dopamine was found to produce only 3% of the fluorescence 
of noradrenaline and only about one-third that of hydroxytyra- 
mine. Thus, the large increase in fluorescence of incubation 
mixtures could not have resulted from the production of hy- 
droxydopamine. Furthermore, the hydroxydopamine had less 
than 1% of the biological activity of noradrenaline. Hydroxy- 
dopamine is thus excluded as the reaction product of the puri- 
fied enzyme; all available evidence indicates that noradrenaline 
is the product formed. 
ular oxygen is shown in Table II. Oxygen-free nitrogen was 
bubbled through an incubation mixture in a modified Thunberg 
tube for 20 minutes. The enzyme was lyophilized in the Thun- 
berg side arm to prevent trapping oxygen. A second tube was 
prepared in the same manner, but was saturated with oxygen 
instead of nitrogen. In the aerobic incubation about 15% of 
the radioactivity was incorporated into the noradrenaline frac- 
tion, whereas in the anaerobic incubation only trace amounts 
of radioactivity were found in the isolated noradrenaline. 
Nucleotide Requirement—Addition of nucleotides to incubations 
with the purest enzyme preparations have failed thus far to 
implicate these as cofactors as shown in Table III. These re- 
sults were obtained with undialyzed enzyme, but similar data 
were obtained with dialyzed preparations. However, the latter 
preparations were dialyzed for only 4 hours because 12-hour 
dialysis had previously been found to inactivate the enzyme. 
Further study of nucleotide requirements will be made when 
greater enzyme purity is attained. 

Inhibition by Ascorbate and Cyanide—In contrast to the ani- 
mal system (7, 8), the banana enzyme is not stimulated by 
ATP or ascorbate as shown in Table IV. Indeed, ascorbate 
completely inhibits the production of noradrenaline by the par- 
tially purified enzyme. This indicates that other, related re- 
actions occur in incubations with crude homogenates in which 
ascorbic acid sometimes stimulated the labeling of the norad- 
renaline fraction (Table I). The banana enzyme also differs 
from the animal system in that it is not inhibited by Versene 
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(ethylenediaminetetraacetate); cyanide, however, inhibits both 
enzymes. 


At the present stage of purification of both the animal and 
plant ensymes which catalyze the formation of noradrenaline 
from hydroxytyramine, they are similar in some respects and 
different in others. Both ensymes require molecular oxygen and 
are inhibited by cyanide; ascorbic acid stimulates the mammalian 
enzyme but inhibits the plant enzyme, whereas nucleoside tri- 
phosphates stimulate the mammalian ensyme and have no ef- 
fect on the plant enzyme. Because of the large amounts of 
nucleoside triphosphates and ascorbic acid, about 5 umoles per 
ml of reaction mixture, required to produce maximal stimula- 
tion, it is difficult to reconcile their stimulatory effects with 
specific cofactor requirements. 

There also appears to be another point of difference between 
the plant and animal ensyme in respect to the optical activity 
of the product formed. The available evidence strongly indi- 
cates that the noradrenaline formed by the plant is the racemic 
mixture, whereas the noradrenaline formed by the animal in vivo 
is the Lisomer. It has been assumed that the noradrenaline 
produced by the animal ensyme in vitro is the Lisomer but 
it has not yet been demonstrated. 


Hydroxytyramine is converted to noradrenaline by homogen- 
ates of various tissues of the banana plant. A partially puri- 
fied ensyme preparation requires only oxygen for activity in 
contrast to a previously described system which is stimulated 
by adenosine 5’-triphosphate and ascorbic acid. No cofactor 
requirements for the banana enzyme have been demonstrated. 
Biological and fluorometric assays of the noradrenaline produced 
indicate that the product is the racemic mixture. 
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Anaerobic Degradation of Choline 


III. ACETALDEHYDE AS AN INTERMEDIATE IN THE FERMENTATION OF CHOLINE 
BY EXTRACTS OF VIBRIO CHOLINICUS 


R. Haywarp 


From the Section on Enzymes, National Heart Institute, Bethesda 14, Maryland 


(Received for publication, July 28, 1960) 


It has been shown previously (1) that cell-free extracts of 
Vibrio cholinicus ferment choline to trimethylamine, ethanol, and 
acetic acid in the same manner as do growing cultures of this 
organism (Reaction 1). 
2(CH,):;NCH;CH,OH + 1,0 — 


2(CH,);NH + CH,COOH + CH. CH, OR 


The purpose of the present paper is to present data which 
demonstrate that acetaldehyde is an intermediate in this over-all 
reaction, and to describe some of the properties of the dismuta- 
tion of acetaldehyde catalyzed by extracts of V. cholinicus. It 
will be shown that the over-all process is dependent on triphos- 
phopyridine nucleotide, glutathione (or a suitable sulfhydryl 
substitute), ferrous iron, coenzyme A, and adenosine 5’-diphos- 


(1) 


phate, and that coupled to the dismutation there is a synthesis 


of adenosine 5’-triphosphate. 
EXPERIMENTAL PROCEDURE 


Materials—Choline-1 ,2-C was purchased from Volk Radio- 
chemical Company, and acetaldehyde-1,2-C from Orlando 
Research, Inc. Crystalline yeast ethanol dehydrogenase, yeast 
hexokinase, and glucose 6-phosphate dehydrogenase were pur- 
chased from the Sigma Chemical Company. Acetokinase was 
prepared from extracts of Clostridium sticklandii, and CoASH! 
was purchased from the Pabst Laboratories. 

Analytical Methods—<Acetate and ethanol were identified and 
quantitated as previously described (1). Acetaldehyde was 
assayed after diffusion into semicarbazide in Conway dishes by 
measuring the absorbancy of the resulting semicarbazone at 224 
my (2). Alternatively, in experiments in which 1 ,2-C"*-acetal- 
dehyde was used as substrate, acetaldehyde disappearance was 
estimated by determining the decrease in radioactivity stable to 
drying after mixing with an acid solution of 2, 4-dinitrophenyl- 
hydrazine. Under. these conditions, both radioactive products, 
ethanol and acetic acid, are volatile. 

In the phosphorylation experiments, P; was measured by the 
Fiske-SubbaRow method (3). ATP formed during acetaldehyde 
dismutation was trapped with glucose and hexokinase as glucose 
6-phosphate; the latter was assayed spectrophotometrically with 
glucose 6-phosphate dehydrogenase and TPN (4). 

Protein was estimated by either the biuret method or by the 
ratio of absorbancy at 280 and 260 mu. Either the Beckman 
model DU or the Zeiss spectrophotometer was used for optical 
measurements. Radioactivity was measured with an end win- 


1 The abbreviation used is: CoASH, coenzyme A. 


dow Geiger-Muller tube; all measurements were corrected for 
background and self-absorption. Specific activities are ex- 
pressed as counts per minute per micromole. Choline was esti- 
mated as previously described (1); in some cases it was first 
separated from the other components of the reaction mixture by 
paper chromatography (5) then eluted and counted. 

Dinitrophenylhydrazine derivatives, prepared by reaction of 
0.1% 2,4-dinitrophenylhydrazine · HCl in 2 n HCl with aliquots 
of deproteinized reaction mixtures (or of authentic aldehyde 
solutions), were crystallized in the cold, harvested by centrif- 
ugation, and dissolved in carbon tetrachloride. Residual rea- 
gent was removed by back-washing with water, the solvent was 
removed by evaporation, and the derivatives recrystallized (to 
constant specific activity for radioactive samples) from aqueous 
ethanol. 

The dinitrophenylhydrazone samples were subjected to chro- 
matography on olive oil-impregnated Whatman No. 1 filter 
paper in 75% aqueous isopropanol for 8 to 24 hours at room 
temperature (6). 

For specific radioactivity calculations, the concentration of 
acetaldehyde dinitrophenylhydrazone was estimated from opti- 
cal density measurements at 354 my in absolute ethanol. For 
purposes of identification, spectra of dinitrophenylhydrazones of 
various authentic aldehydes as well as of the products formed 
enzymatically from choline were examined over the range of 200 
to 600 my in the Cary spectrophotometer and recorded. An 
optical density of 2.05 is obtained with 0.1 umole of acetaldehyde 
dinitrophenylhydrazone in 1 ml of absolute ethanol through a 
Lem light path at 354 mu. 

Enzyme Preparations—The organism was grown anaerobically 
on choline in 20-liter carboys as previously described (1, 7), and 
sonic extracts were prepared by disrupting twice-washed, freshly 
harvested cells in a 200-watt Raytheon 10 ke. oscillator; the 
suspending medium was 0.05 M potassium dimethylglutarate, 
pH 6.7. Cellular debris was removed by centrifugation at 
20,000 x g for 30 minutes. The mutase activity of extracts thus 
prepared is relatively stable during storage for several months 
at —18°, but appreciable losses of activity are observed after 
repeated freezing and thawing. 

Incubation Conditions—Unless otherwise indicated, all incuba- 
tions were carried out in 1 ml volumes at 37° under helium; the 
reaction mixtures were buffered with 0.05 M dimethylglutarate, 
pH 7.15. Solutions of ferrous salts were always prepared im- 
mediately before use and added during gassing to prevent oxida- 
tion. Reactions were stopped by the addition of 30% perchloric 
acid to a final concentration of 3% (volume for volume). 
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Isolation of Acetaldehyde during Choline Fermentation—During 
the course of experiments on the fermentation of 1 ,2-C'*-choline 
by extracts of V. cholinicus which had been frozen and thawed 
several times, it was observed that activity for acetate production 
from choline declined more rapidly than did that for choline 
disappearance; concomitantly there accumulated in the reaction 
mixtures a neutral volatile radioactive compound other than 
ethanol, the carbonyl nature of which was indicated by its 
stability to drying in the presence of such reagents as 2, 4-dinitro- 
phenylhydrazine and semicarbazide. On the assumption that 
this compound has the same molar specific activity as the added 
choline, it contained a considerable portion of the missing labeled 
choline carbon (Table I). Although ethanol was not measured 
in these experiments, the amount expected (approximately equal 
to the acetate accumulating) would account for the remainder. 

For purposes of identification a larger scale incubation con- 
taining 1 ,2-C’*-choline was set up and the carbonyl! product iso- 
lated as the 2,4-dinitrophenylhydrazone. A comparison of the 
molar specific activities of the derivative and of choline showed 
them to be identical (6350 and 6400 c.p.m. per umole, respec- 
tively). The absorption spectrum of the derivative was identical 
with that of authentic acetaldehyde dinitrophenylhydrazone. 
Reverse phase paper chromatography (see Methods) revealed a 
single yellow component with an Rp, value identical with that of 
the authentic derivative (0.36), and the two compounds cochro- 
matographed ; furthermore, scanning the paper for radioactivity 
indicated that all of the isotope was associated with the dinitro- 
phenylhydrazone spot. Further evidence for the identity of the 


derivative was obtained by addition of unlabeled authentic 
acetaldehyde dinitrophenylhydrazone; no alteration of specific 
radioactivity was observed on repeated recrystallization (Table 
II). 

When the fermentation of 1 ,2-C'*-labeled choline is carried out 
in the presence of unlabeled acetaldehyde, the latter becomes 
progressively more radioactive as a function of time. In a typi- 
cal experiment (Table III), acetaldehyde (30 umoles per ml) was 


I 
Accumulation of neutral volatile carbonyl compound 
from 2-carbon moiety of choline 

Reaction mixtures (1.0 ml) contained in ymoles: choline, 15; 
ADP, 3; Pi, 3; FeSO,, 5; potassium dimethylglutarate, 50 (pH 
7.1). The source of enzyme for Experiments 1 and 2 was a crude 
sonic extract which had been frozen and thawed several times; 14 
mg of protein for Experiment 1, 6 mg of protein for Experiment 2. 
For Experiment 3, particles and a supernatant fraction separated 
by centrifugation at 104,000 Xx g were recombined; 12.5 mg of 
protein. 


Choline consumed 
Acetate Neutral volatile 

Direct produced pound produced 
assay separation 
pmoles pmoles pmoles pmoles 

1 8.2 8.9 1.8 3.5 

2 3.5 3.7 0.9 2.5 

3 6. 6.5 1.5 3.3 


* Estimated enzymatically with acetokinase. 
t Assuming the same specific activity as choline; counted as 
the 2,4-dinitrophenylhydrazone. 


H. R. Hayward 


Tant II 
Reer ystalli ation of radioactive dinitrophenylh ydrazone 
Carrier authentic acetaldehyde-dinitrophenylhydrazone was 
added to the derivative of the carbonyl product from 1,2-C*- 
choline and recrystallized as described in text. 


No. of times recrystallized Specific activity 
c.p.m./pmole 
1 268 
2 252 
3 256 
III 
Incorporation of Ci from I, g- CM. choline into 
acetaldehyde pool 


Reaction mixtures contained in amoles per ml: 1 ,2-C"*-labeled 
choline, 15; acetaldehyde, 30; ADP, 3; P., 2; FeSO,, 5; and potas- 
sium dimethylglutarate (pH 7.15), 50. The final reaction volume 
was 4 ml. The source of enzyme was a fresh sonic extract, and 
the final protein concentration was 6.7 mg per ml. 


Minutes Choline® consumed] Acetate produced 
pmoles/mi c.p.m./pmole 
0 0 0 0 
26 2.1 0.96 810 
40 3.6 1.89 2150 


»The specific activity of the choline was 5410 c.p.m. per amole. 
t Assayed as the 2,4-dinitrophenylhydrazone derivative. 


included in the usual reaction mixture containing 1 ,2-C'-labeled 
choline as substrate. After varying periods of incubation, sam- 
ples were removed, perchloric acid added, and the dinitrophen- 
ylhydrazones prepared and assayed for radioactivity. It is seen 
that there is a progressive incorporation of iostope into the acet- 
aldehyde dinitrophenylhydrazone, the purity of which was 
confirmed both chromatographically and spectrally as described 
above. For this experiment fresh extract, which actively forms 
both acetate and ethanol, was used as the source of enzyme. 

Metabolism of Acetaldehyde—To establish further the role of 
acetaldehyde as an intermediate in the fermentation of choline, 
extracts were examined for their ability to form ethanol and 
acetic acid when acetaldehyde was provided as substrate. For 
this purpose 1 ,2-C"-labeled acetaldehyde was incubated anaer- 
obically for 90 minutes at 37° with crude sonic extract and ADP, 
Pi, TPN, CoASH, FeCl, and GSH. (Dependence on each of 
these components will be shown below.) At the end of incuba- 
tion the products were identified and quantitated. Tested under 
the same conditions, glycol, glycolaldehyde, and glyoxal gave 
rise to no detectable acetate. 

The acid was separated by acid steam distillation from the 
deproteinized reaction mixture, and Duclaux constants were 
determined on the distillate; these were identical with those of 

Ethanol was allowed to diffuse from neutral solution (con- 
taining semicarbazide to stabilize residual acetaldehyde) into 
chromic acid, and the resulting oxidized product was separated 
by acid steam distillation; Duclaux constants for this acid were 
identical with those for acetic acid. The alcoholic nature of the 
neutral volatile product formed enzymatically was established 
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TABLE IV 
Stoichiometry of dismutation of acetaldehyde 
The reaction mixture contained in wmoles per ml: 1,2-C**- 
labeled acetaldehyde, 30; ADP, 3; potassium phosphate, 2; TPN, 
0.5; CoASH, 0.06; FeCls, 3; GSH, 10; potassium dimethylglutar- 
ate, pH 7.15, 50; and 0.10 ml of a crude sonic extract containing 
7 mg of protein. Incubation time, 90 minutes. 


Acetaldehyde Acetate Ethanol 
Alcohol de- 
pmoles umoles pmoles 
Zero 30 29.4 0.2 0 0 
Final 6.7 7.3 12.0 11 9.9 
A — 3.3 —22.1 +11.8 +11 +9.9 


om ivity with crystalline yeast ethanol dehydrogenase 

The results of balance studies on the decomposition of acetal- 
dehyde by V. cholinicus extracts are presented in Table IV. It 
is seen that 2 moles of acetaldehyde give rise to 1 mole each of 
acetate and ethanol. Thus, the over-all reaction is a dismuta- 
tion of acetaldehyde, wherein one mole is oxidized to acetate at 
the expense of a second mole which serves as electron acceptor 
and is reduced to ethanol (Reaction 2). 

2CH;CHO + H:0 — CH;COOH + CH;CH:0H (2) 

Inasmuch as the reaction is carried out anaerobically in the 
absence of alternative electron donors or acceptors, for routine 
assays it is necessary to measure only one of the products (ethanol 
or acetate) to have a measure of over-all activity in this obligately 
coupled system. Acetate production was chosen as the index of 
activity because of the convenience and reliability of the assay 
with acetokinase, and in all subsequent experiments described 
here activity was measured in this way. It is important to note 
that the reaction mixtures contained no added sulfate and that 
the extracts were prepared from cells grown in the virtual absence 
of sulfate, inasmuch as sonic extracts of this organism are able 
to utilize sulfate as a terminal electron acceptor (1). 

Distribution of Mutase Activit In view of the earlier demon- 
stration (1) that both a particulate and a soluble enzyme fraction 
are required for the complete degradation of choline, it was of 
interest to determine whether the enzymes catalyzing the dismu- 
tation of acetaldehyde could be separated by high speed centrif- 
ugation. It is apparent from Table V that the mutase activity 
resides entirely in the soluble supernatant fraction. It can fur- 
ther be seen that nearly all of the activity is stable to treatment 
with protamine and is recovered in the dialyzed 33 to 50% satu- 
rated ammonium sulfate fraction. 

Acetate Production as Function of Time and Protein Concentra- 
tion—The rate of production of acetate from acetaldehyde is 
linear with time for at least 75 minutes at 37°, and is also directly 
proportional to protein concentration over the range of rates 
from 0 to at least 8 umoles per hour (O to 1.5 mg of protein added 
as 33 to 50% saturated ammonium sulfate fraction). Similar 
results are obtained with fresh crude sonic extracts; all experi- 
ments described in the following sections were performed in 
ranges linear with respect to both time and protein concentra- 
tion. 
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Sulfhydryl Requirement—In most instances no acetate pro. 
duction from acetaldehyde could be detected unless there wag 
some added mercaptan in the reaction mixture, although in some 
fresh sonic extracts there was slight activity in the absence of 
exogenous sulfhydryl compounds. Of the various mercaptam 
tested (GSH, 8-mercaptoethanol, 2,3-dimercapto, and 1, 3d. 
mercaptopropanol) GSH was the most effective on a molar —8H 
basis, and was subsequently used routinely at a concentration 
of 10 wmoles per ml (maximal stimulation was observed with 
5 umoles per ml and no further change occurred up to at least 


usually resulted in an approximately 2-fold stimulation of acetate 
production from acetaldehyde by crude sonic extracts (Table VJ). 


TaBLe V 
Distribution of acetaldehyde mutase activity 
in fractions of V. cholinicus extract 
The reaction mixture components are described in the legend 
for Table IV. 


Volume | protein | unite’ | activity 

mi mg 
Crude extract................... 33.5 | 1330 | 810 | 0.60 
Supernatant fluidf............... 31 975 | 820 | 0.84 
Ammonium sulfate 33 to 50%}...| 36.6 645 | 790 | 1.2 


* Units are defined as micromoles of acetate produced per hour; 
specific activity, as units per milligram of protein. 

t Supernatant fluid from a 90-minute 105,000 X g centrifuga- 
tion. 

t Nucleic acids were precipitated from the supernatant solu- 
tion () by treatment with protamine sulfate, and the resulting 
solution fractionated with ammonium sulfate. The protein pre- 
cipitates were dissolved in 0.05 M dimethylglutarate, pH 6.7, and 
dialyzed for 3 hours at 0° against the same buffer containing 0.001 
u 8-mercaptoethanol. 


TABLE VI 
Ferrous iron stimulation of acetate production 

Reaction mixtures contained in ysmoles: acetaldehyde, 21; 
ADP, 3; potassium phosphate, 2; DPN, 0.5; CoASH, 0.04; potas- 
sium dimethylglutarate, pH 7.15, 50; and 0.10 ml (6.7 mg of pro- 
tein) of a crude sonic extract in a final volume of 1 ml. Fed. 
and GSH were added as indicated. Experiment 1 was incubated 
for 45 minutes, Experiment 2 for 55 minutes; the extract had been 
frozen and thawed three times in the interval between the experi- 
ments. 


Addition Acetate produced 
Fe GSH Experiment 1 Experiment 2 
pmoles pmoles 
0 0 0.7 0 
3 0 3.6 1.6 
6 0 1.3 
0 10 3.0 2.0 
0 20 2.2 
3 10 7.2 6.1 
6 20 6.2 


| 
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Inasmuch as this effect was observed in either the presence or the 
absence of saturating levels of sulfhydryl compounds, it is more 
likely a specific metal effect than a reflection of the reducing 
properties of ferrous iron. In concordance with this is the 
observation that both the metal-chelating agents, a ,a-dipyridy] 
and o-phenanthroline, cause complete inhibiton of the reaction 
when added at a concentration of 2 X 10-* M in the presence of 
the mercaptan-reducing agent. Of the other metals examined, 
magnesium and manganese were found to be about one-half as 
effective as ferrous iron; ferric iron and zinc inhibited the reaction, 
and calcium and cobalt were without effect. 

Stimulation with ADP and CoASH—Acetate production in 
crude extracts was usually stimulated 2- to 3-fold by the addition 
of ADP. Results of typical experiments are presented in Table 
VII. The ammonium sulfate fraction used in Experiment 2 
demonstrated an absolute requirement for ADP; neither AMP 
nor ATP could substitute. 

Addition of catalytic levels of reduced CoASH in either the 
presence or absence of GSH consistently gave a 2- to 3-fold stim- 


ulation of acetate production in crude extracts, as shown in Table 


VIII. 
Esterification of Inorganic Phosphate—In view of the stimu- 
lation of acetate production by ADP, the system was examined 


VII 
Stimulation of acetate production with ADP 

Experiment 1. Reaction mixtures contained in amoles: acetal- 
dehyde, 21; potassium phosphate, 2; DPN, 0.5; CoA, 0.02; FeCls, 
5; dimethylglutarate (pH 7.15), 50; and 0.15 ml of crude extract 
(6 mg of protein) in a final volume of 1 ml. Incubation time, 34 
minutes. Experiment 2. Reaction mixtures similar to Experi- 
ment 1 but in addition contained 10 wmoles of GSH, and the 
source of enzyme was 2 mg of a 35 to 50% saturation ammonium 
sulfate fraction. Incubation time, 60 minutes. 


Acetate produced 
ADP added 
Experiment 1 Experiment 2 
pmoles umoles 
0 2.1 0 
1 6.9 1.6 
3 8.6 3.0 
5 8.2 3.6 
VIII 


Stimulation of acetate production with CoASH 

Reaction mixtures for Experiment 1 contained in zmoles: 
acetaldehyde, 21; ADP, 3; potassium phosphate, 2; DPN, 0.5; 
FeCl:, 5; dimethylglutarate, pH 7.15, 50; and 0.15 ml of a crude 
extract (6 mg of protein) in a final volume of 1 ml. Incubation 
time was 34 minutes. Experiment 2 was similar in all respects 
except that 4 mg of protein per ml (from a different crude extract) 
and 45-minute incubation were employed. 


Acetate production 
CoASH added 
Experiment 1 Experiment 2 

pmoles pmoles 

0 3.3 0.3 
0.02 6.7 2.9 
0.04 3.6 
0.06 3.6 


H. R. Hayward 


IX 
Esterification of inorganic phosphate 

The complete reaction mixture contained in smoles: acetalde- 
hyde, 15; ADP, 1; Pi, 10; FeSO., 3; MgCls, 6; glucose, 50; dimethyl- 
glutarate, pH 7.1, 50; 10 mg of crystalline hexokinase, and 0.15 
ml of a crude sonic extract (10.5 mg of protein) in a final volume 
of I ml. After incubation for 1 hour at 37°, the reaction mixtures 
were deproteinised and assayed for acetate, Pi, and glucose-6- 
phosphate. 


No. Conditions oe. pi R 2 
pmoles pmoles pmoles 
1 Complete system 5.1 10.0 1.88 
2 No CH. CHO 0 11.1 0.65 
A +5.1 —1.1 +1.23 
TaBLe X 
Pyridine nucleotide requirement 


Components of the reaction mixture other than pyridine nu- 
cleotide were as described for Table IV. Samples in Experiment 
1 contained 4 mg of protein (crude extract) and those in Experi- 
ment 2 contained 0.8 mg of protein (35 to 50% ammonium sulfate 
fraction). Both sets of samples were incubated for 45 minutes 


at 37°. 
Pyridine nucleotide added Experiment 1 | Experiment 2 
umoles pmoles 
0 1.0 0 
DPN, 0.5 3.5 0.2 
TPN, 0.5 5.4 4.3 
DPN + TPN, 0.5 each 5.5 4.3 


for its ability to esterify P; and form ATP concomitant with 
acetaldehyde disappearance. A glucose-hexokinase trap was 
employed to allow estimation of ATP formation, because added 
ATP was found to be hydrolyzed rapidly in these extracts. 
Table IX gives the results of such an experiment, in which there 
was an observed substrate-dependent disappearance of P; and 
the production of an equivalent amount of glucose 6-phosphate. 

Pyridine Nucleotide Specificity—In crude sonic extracts, maxi- 
mal rates of acetate production from acetaldehyde were observed 
upon the addition of either DPN or TPN. In somewhat more 
purified preparations, however, e.g. after ammonium sulfate 
fractionation, there was an obligatory requirement for TPN; no 
activity was observed with DPN (Table X). 

Effects of Inhibitore—The system was examined for its sensi- 
tivity to a variety of inhibitors; Table XI represents the com- 
bined data of several such experiments. Each of the three 
“sulfhydryl inhibitors” tested produced significant inhibition; 
also, the iron-chelating agents effectively blocked the reaction. 
Because of the observed sensitivity of choline fermentation to 
the uncoupling agent 2,4-dinitrophenol (1), this inhibitor was 
examined for its effect on choline disappearance and on acetate 
production from acetaldehyde in a single experiment. The data 
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TaBLe XI 
Inhibition of acetate production from acetaldehyde 

This table represents composite results of several different ex- 
periments. All experiments were carried out in 0.05 M dimethyl- 
glutarate, pH 7.1, with 15 wmoles of acetaldehyde (or 30 moles 
of choline), 3 amoles of ADP, 2 wmoles of P., and 0.15 ml of crude 
sonic extract (6 mg of protein), in a final volume of 1 ml. In- 
hibitors were preincubated with all components except substrate 
for 10 minutes at 0°. 
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Substrate Inhibitor Concentration Inhibition 
* % 
Acetaldehyde | Iodoacetate* 10-?; 10°? 93; 100 
Acetaldehyde | p-Chloromercu- 10-5; 10 8; 74 
riphenyl sulfo- 
nate* 
Acetaldehyde | Arsenite* 10-*; 10-3 3; 81 
Acetaldehyde | Azide* 5 X 10 10 10; 20 
Acetaldehyde Fluoride“ 5 X 10°?; 10° 43; 47 
Acetaldehyde a, a-Dipyridyl 10-?; 2 X 10°? | 68; 100 
Acetaldehyde | 0-Phenanthro- 10-3; 2 X | 68; 100 
line 
Choline 2,4-Dinitro- 10 4 X 10-* | 33; 89 
phenol 
Acetaldehyde | 2,4-Dinitro- 10-*;4 X 10-* | 4; 10 
phenol 


* Sodium salts; all stock solutions adjusted to pH 7.1 before 
use. 


disappearance is markedly depressed, whereas the conversion of 
acetaldehyde to acetate proceeds relatively unimpaired. 


DISCUSSION 


The findings presented above clearly indicate that acetalde- 
hyde is an intermediate during the conversion of the 2-carbon 
moiety of choline to ethanol and acetic acid by extracts of V. 
cholinicus. Thus, it has been shown to be formed from choline 
in reaction mixtures which carry out choline fermentation; acetic 
acid and ethanol, two of the products of choline fermentation, 
have been identified as the final products of acetaldehyde metab- 
olism; and the rate of formation of acetate (and hence also of 
ethanol) from acetaldehyde is at least as rapid as the rate of 
formation of acetate from choline. It is not possible as yet to 
deduce which of several mechanisms for converting choline to 
acetaldehyde (and trimethylamine) might be operative. 

By analogy to other aldehyde oxidation systems (8-12), the 
dismutation of acetaldehyde must involve no less than two en- 
zymatic steps, and perhaps as many as four, depending on the 
immediate product of aldehyde oxidation. In view of the 
marked stimulation of acetate production from acetaldehyde by 
both ADP and CoASH, there is some reason to postulate the 
pathway of acetaldehyde oxidation to acetyl phosphate known to 
exist in C. kluyveri (Reaction 3) (9, 13); one point of difference 
between the two systems would be the apparent TPN specificity 
of the V. cholinicus enzymes as contrasted to the DPN specificity 
of C. kluyvert. The final reaction in this scheme would be ac- 
complished by acetokinase (14). 

Such a mechanism would also account for the observed sub- 
strate-dependent formation of ATP in this system. Preliminary 
experiments indicating the presence of ethanol and acetaldehyde 
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dehydrogenases, and transacetylase and acetokinase activities 
in crude extracts, are consistent with this interpretation. 

The failure of dinitrophenol to inhibit acetaldehyde metabo. 
lism significantly under conditions which result in marked in- 
hibition of choline degradation is of interest because it implicates 
a reaction before acetaldehyde as the site of inhibition. 


1. Acetaldehyde has been shown to fulfill the requirements of 
an intermediate in the fermentation of choline as carried out by 
extracts of Vibrio cholinicus. 

2. The dismutation of acetaldehyde to ethanol and acetate has 
been studied in cell-free extracts, and it has been shown that 
glutathione, ferrous iron, triphosphopyridine nucleotide, aden- 
osine 5’-diphosphate, and Coenzyme A are required for maximal 
activity. 

3. A substrate-dependent esterification of orthophosphate has 
been shown to be associated with the reaction. 

4. The system is inhibited by several “sulfhydryl inhibitors,” 
but is not inhibited by dinitrophenol under conditions which 
cause profound inhibition of choline degradation. 
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The free energy of adenosine triphosphate is utilized for the 
synthesis of argininosuccinic acid according to Reaction 1. 
Citrulline + aspartate + ATP = 
argininosuccinate + AMP + PP; (1) 


From the value for the standard free energy change for this re- 
action, and a value for the free energy of hydrolysis of ATP to 
AMP and PP,, it is possible to arrive at a value for the change 
in free energy associated with the formation of the guanidino 


group. 

Reaction 1 is pH dependent and the pH optimum is approxi- 
mately 8.5 for the forward and about 6.0 for the reverse direction. 
The velocity of the forward reaction is relatively slow in the 
absence of inorganic pyrophosphatase (1). This is due partly 
to a mass action effect and partly to a direct inhibition by PP. 
In view of these characteristics, evaluation of the equilibrium 
constant required an enzyme preparation of sufficiently high 
activity to reach equilibrium in a reasonable time over the pH 
range, 6 to 8. It was also necessary to use a preparation which 
was entirely free of inorganic pyrophosphatase and adenylate 
kinase. 

The effect of pH on the equilibrium position has been investi- 
gated in the present study. Equilibrium was attained in all 
experiments in the presence of a uniform excess of Mg“ and no 
attempt wes made to examine the effects of varying the concen- 
trations of this ion. 


EXPERIMENTAL PROCEDURES 


Enzyme Assays—The synthetase activity of crude fractions 
was assayed by citrulline utilization (2). Fractions obtained at 
the Cy stage or later were free of ATPase and were assayed by a 
kinetic procedure in which the decrease in absorbancy at 340 my, 
due to DPNH oxidation, was followed spectrophotometrically. 
The AMP formed by Reaction 1 was coupled to DPNH oxidation 
through adenylate kinase, pyruvate kinase and lactic dehydro- 
genase as suggested by the adenosine phosphokinase assay of 


* Paper VIII in the series Biosynthesis of Urea. 

t Aided by a research grant from the National Science Founda- 
tion, later replaced by Grant No. A-3428 from the National In- 
stitutes of Health, United States Public Health Service. 


Kornberg and Pricer (3). Two moles of DPNH are utilized per 
mole of AMP formed, as shown in the following equations. 


AMP + ATP = 2 ADP 


2 phosphoryl-enolpyruvate + 2 ADP = 2 ATP + 2 pyruvate 
2 pyruvate + 2 DPNH = 2 lactate + 2 DPN* + 2 H* 


The Beckman cuvette, of 1 em light path, contained in micro- 
moles in a final volume of 1 ml: 100 of Tris, pH 7.5, 1 of ATP, 5 
of MgCl, 2 of KCl, 16 of phosphoryl-enolpyruvate, 0.1 of DPNH 
and 7.5 of Leitrulline. Auxiliary enzymes were added in at 
least 100-fold excess; they were inorganic pyrophosphatase, 20 
ug; lactic dehydrogenase, 5 ug; pyruvate kinase, 30 ug; and ade- 
nylate kinase, 25 yg. Suitably diluted synthetase was then 
added, and after the 340 reading remained unchanged for several 
minutes, 7.5 umoles of Laspartate was added to initiate the 
reaction. The blank cell contained all the constituents of the 
assay except DPNH. The rates were linear with time and with 
protein concentration. Readings were usually taken at 30- 
second intervals within the first 2 to 3 minutes. The tempera- 
ture was recorded and the observed rate was converted! to a 
value for 38°. The specific activity is expressed as micromoles 
of AMP formed (one-half the micromoles of DPNH utilized) 
per mg of biuret protein per hour at 38°. The protein was de- 
termined spectrophotometrically (4) and gave values 12% higher 
than those obtained by the biuret procedure previously used. 
After applying an appropriate conversion factor for the protein, 
assay of the enzyme by this kinetic method gave values in agree- 
ment with the citrulline utilization method mentioned above. 

Inorganic pyrophosphatase was assayed as previously de- 
scribed (1); specific activity is expressed as micromoles of P. 
liberated at 38° per mg of biuret protein per hour. Adenylate 
kinase was assayed as described by Kornberg and Pricer (3); 
specific activity is expressed as micromoles of AMP utilized (one- 
half the DPNH utilized) per mg per hour at the temperature of 
the Beckman cuvette, usually about 28°. 

Analytical Methods—For the equilibrium study, the reaction 
mixtures, usually 4 ml, were incubated at 38°. Each experi- 


1 The temperature coefficient for the synthetase has been found 
to be 2.0 by Dr. O. Rochovansky. 
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mental tube contained, per ml, 0.1 ml of 1 u Tris maleate buffer, 
6.6 wmoles of MgSQ,, enzyme as described in the text, and sub- 


strates as indicated in Table I. After removal of a sample for 


determination of argininosuccinate, a volume of chilled 10% 
trichloroacetic acid was added equal to the remaining volume of 
the reaction mixture. Aliquots of the filtrate, neutralized with 
KOH, were used for most analyses. The sample taken for 
argininosuccinate estimation was deproteinized by heating for 
2 minutes at 100°. Inorganic pyrophosphate (1), AMP (3), and 
ATP? were estimated enzymatically and the absence of ADP was 
established for each experiment. Argininosuccinate was esti- 
mated enzymatically (5) and citrulline was estimated colorimet- 
rically by the sensitive procedure previously described (1). 
The analytical error for these methods was approximately 5%. 
The pH was estimated at 38° with an error of about +0.05; 
no change occurred during the reaction. 

Materials—ATP and AMP were purchased from Sigma Chem- 
ical Company, L-aspartic acid and Leitrulline from Mann Re- 
search Laboratories, and DPNH, phosphoryl-enolpyruvate and 
the highly purified enzymes lactic dehydrogenase, pyruvate 
kinase, 3-phosphoglyceric kinase, triose phosphate dehydro- 
genase, and adenylate kinase were purchased from Boehringer 
and Soehne, Mannheim, Germany. Inorganic pyrophosphatase 
of specific activity 17,000 was used (1). 1-Argininosuccinate was 
prepared as described previously (6). When used for enzyme 
stabilization, the pH of the solution was adjusted to 7.5 after 
removal of barium. 

Purification of Argininosuccinate Synthetase—The extract from 
500 g of acetone dried hog kidney was carried through fractiona- 
tion with ammonium sulfate and fractional elution from alumina 
Cy as described previously (1). The enzyme was precipitated 
with 424 g of ammonium sulfate per liter of eluate and, after 
centrifugation, was taken up in about 5 ml of 0.1 & potassium 
phosphate, pH 7.8. The entire Cy fraction (75 ml; specific 
activity 35; 57 mg of protein per ml) was stored in divided sam- 
ples at —20°. Further purification was carried out in small 
batches as desired. About 5.5 ml were dialyzed with stirring for 
4 hours against 0.005 m potassium phosphate, pH 7.8, with sev- 
eral changes. To the solution (8.7 ml) were then added 7 ml of 
0.1 M argininosuccinate (2.24 umoles per mg of biuret protein) and 
8.7 ml of the dilute buffer to bring the mixture to 12.8 mg of pro- 
tein per ml. The cold solution was immersed in a 63° bath with 
stirring for 7 minutes, chilled rapidly, and clarified by centrifu- 
the enzyme was taken up in 4 ml of 0.1 u Tris buffer, pH 8.0, 
containing 10 moles of argininosuccinate per ml and stored at 
—20°. This step raised the specific activity to 80 with an 89% 
yield and lowered the adenylate kinase from a specific activity 
of 40 to 1.5. 

About 27 mg of heat treated enzyme (1 ml) were dialyzed as 
before, diluted with water to 2.5 ml and adsorbed slowly (30 
minutes) on a column (0.9 <x 22 cm) of DEAE-cellulose (Brown 
Company) that had been washed previously with the eluting 
buffer. Elution was carried out with 0.002 mu potassium phos- 
phate, pH 7.8, at a rate of 5 ml per 20 minutes and collected in 
5-ml fractions. The enzyme appeared in the first protein peak 
(tubes 5 to 7) in a volume of about 15 ml with a specific activity 
of about 146 and a yield of 80%. The enzyme was precipitated 
with ammonium sulfate and stored as described above. This 

* Personal communication from Dr. H. Holzer, University of 
Freiburg. 
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step further lowered adenylate kinase to trace contamination 
(specific activity 0.016). Inorganic pyrophosphatase was ab- 
sent. The purified enzyme was dialyzed for 2 hours against 
0.05 M Tris, pH 7.5, before equilibrium measurements. Unless 
specified otherwise, all manipulations were carried out at 0-5°. 
Buffer pH values are given for 25° and a concentration of 0.1 x, 


RESULTS 

Equilibrium Measurements—Equilibrium was established at 
38° with low concentrations of the substrates in order to minimise 
the inhibitory effects of both PP; and the nucleotides. For most 
of the experiments, the incubations were carried out for 2 hours 
with 280 units of enzyme per ml of incubation mixture. A de- 
crease to 123 units (Table I, Experiments 5, 6, 7, and 11) ora 
reduction in time to 40 minutes (Experiment 2) did not alter the 


TABLE I 
Equilibrium concentrations and apparent equilibrium constants 
(conditions as described in text) 
Final“ molarity 10-* 
Citrul- | Aspar- 
| PP, | AMP | | Asper-| ATP 
cinate 
1 5.93 | 0.41 | 0.39 | 0.39 | 0.81 | 0.84 | 0.84 | 0.11 
2 5.90 | 0.43 | 0.44 | 0.43 | 0.79 | 0.82 | 0.80 | 0.16 
3 5.86 | 0.38 | 0.38 | 0.39 | 0.82 | 0.88 | 0.78 | 0.10 
4 5.92 | 0.45 | 0.42 | 0.41 | 0.77 | 0.80 | 0.77 | 0.17 
5 5.91 | 0.45 | 0.48 | 0.41 | 0.78 | 0.80 | 0.76 | 0.18 
Averaget | 5.90 0.14 
6 6.90 | 0.63 | 0.64 | 0.68 | 0.57 | 0.57 | 0.54 | 1.57 
7 6.90 | 0.73 | 0.79 | 0.60 | 0.51 | 0.51 | 0.51 | 3.00 
8 6.92 | 0.80 | 0.35 | 0.79 | 0.44 | 0.44 | 0.46 | 2.47 
9 6.90 | 0.81 | 0.33 | 0.72 | 0.46 | 0.46 | 0.43 | 2.32 
10 6.90 | 0.73 | 0.72 | 0.68 | 0.55 | 0.56 | 0.57 | 2.00 
11 6.92 | 0.68 | 0.70 | 0.65 | 0.55 | 0.55 | 0.53 | 1.94 
12 6.91 | 0.71 | 0.44 | 0.66 | 0.51 | 0.51 | 0.47 | 2.56 
Average | 6.91 2.14 
13 7.70 | 0.96 | 0.95 | 0.93 | 0.24 | 0.29 | 0.33 37.0 
14 7.70 | 0.96 | 0.95 | 0.95 | 0.24 | 0.29 | 0.32 37.8 
15 7.70 | 0.93 | 0.90 | 0.91 | 0.25 | 0.33 | 0.28 33.0 
16 7.72 | 0.92 | 0.91 | 0.91 | 0.24 | 0.32 | 0.26 45.4 
Average | 7.70 3 
17 7.77 | 1.07 | 1.03 | 0.99 | 0.24 | 0.25 | 0.27 67.3 
18 7.78 | 1.06 | 1.02 | 0.96 | 0.24 | 0.24 | 0.25 72.0 
19 7.80 | 1.00 | 0.86 | 0.99 | 0.23 | 0.25 | 0.23 67.2 
20 7.81 | 1.04 | 0.93 | 1.01 | 0.24 | 0.24 | 0.22 [71.3 
Average | 7.79 5 


* Experiments 1, 2, 3, 6, 13, 14, 15, and 16 were started with 
approximately 1.25 wmoles per ml of citrulline, aspartate, and ATP. 
Experiments 7, 17, and 18 were started in the reverse direction with 
the same concentration of PP., AMP, and argininosuccinate. Ex- 
periments 8 and 9 were the same except that the initial concen- 
tration of PP. was 0.77 umole per ml. All the other experiments 
were begun with all six substrates present. In Experiments 4 
and 5, about 0.75 umole per ml of citrulline, aspartate, and ATP 
and about 0.50 umole of the remaining three were present ini- 
tially. For Experiments 10, 11, and 20, the concentrations of 
the first three and last three were revised. 

t The uncertainty in the pH and in K,,, justify taking the 
average of groups of values as above. 
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II 
feet of pH on equilibrium constants and fractions of ionic species® 
Experimental pH 

5.90 6.81 7.70 7.79 
aur 0.47 0.87 0.98 0.98 
Fu 0.96 0.99 | 0.99 0.99 
guerre 0.13 0.27 | 0.32 0.32 
F X 9.3 0.57 | 0.0125} 0.0083 
3 0.14 2.14 38.3 69.5 
Kea X 10" 1.30 1.21 | 0.48 0.58 


Fuer approaches a maximum of 0.32 because of the large 
contribution by MgsPP;; at the higher pH Juri = 0.67. 


equilibrium position. A 40-minute period was used at pH 5.9 
in order to minimize the small amount of ring closure of arginino- 
succinate which occurs at this pH. Except for aspartate, initial 
Aspartate was estimated by difference. Most of the 
* activity was retained after a 90-minute incubation. 
Equilibrium was approached from both directions and, in some 
experiments, with all reactants present at the start. The final 
concentrations are given in Table I for several pH values. 
The apparent equilibrium constant for Reaction 1 may be ex- 
pressed in terms of the total concentration of each reactant (in- 
dicated by subscript 1) as 
(2) 
K. (eitrulline) r(aspartate)r(ATP)r 


The values for this constant, calculated from the above data, are 
given in Table I. It may be seen that they range from 0.14 at 
pH 5.9 to 69.5 at pH 7.8. The change with pH is due to changes 
in the state of ionization and Mg complex-forming ability of the 
various species of ATP, AMP and PP. 
In formulating an equilibrium expression that will be inde- 
pendent of pH, each amino acid was assumed to exist in the same 
ionic form over the pH range involved in these calculations, 
— — — 
of this range. The formation of Mg“ complexes by species 
having low association constants (<2 x 10*) has been neglected. 
This includes AMP and the amino acids for which some values 
have been reported (7, 8) and species such as HATP*® and 
H: PP. for which no direct evidence exists of complex formation 
with Mg. For ATP, AMP and PP., a species has been chosen 
which will make a significant contribution to the total concen- 
tration of the reactant at physiological pH. Based on these 
considerations, an equilibrium constant can be formulated that 
is independent of the pH. 


K = )[H*} (3) 
(citrulline)r(aspartate)r(MgATP* ) 


where Ii · indicates hydrogen ion activity and the parenthesis 
indicates concentration.“ The relation between K.,, and K 
can be most simply formulated by expressing the designated 

* Since H“ enters to a different power in the various equilibrium 
expressions, it has been explicitly included in the equilibrium 
constants and free energies designated by K or AF°®. Equilibrium 
constants and free energies that are restricted to a particular pH 
are indicated as K’ and AF“. 
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III 
Adjusted values for acid dissociation and 
complex formation constants 
Adjusted value for ionic strength 
Constant References 

0.2 0.4 

=” = 
K. | 8.9107 | 1.1 X 10 | Alberty et al. (9) 
K., | 3.5X 107 | 4.1 107 | Alberty et al. (9) 
K., | 5.2 1077 | 6.6 X 107 | Lambert and Watters (10) 
K. | 9.3 X | 1.0 & 10% | Lambert and Watters (10) 

K. 1.6 X 10° 8.9 X 10° | Lambert and Watters (11) 
K. 4.2 X 10 2. 9 X 10 Lambert and Watters (11) 
K. 4.5 X 10° 3.9 X 10 — and Watters (11) 
K, 3.2 X 10¢ 1.8 X 10 | Burton (12) 
K. 2.6 X 10° Burton (12) 


* The values have been adjusted, where necessary, to 37° and 
ionic strength 0.2 and 0.4. The adjustments for ionic strength 
use of data on K as a guide for the acidity constants 
(10), and data on s for the magnesium association con- 
was assumed to be negligible; that on the association constants 
was assumed to be similar to the change reported for K, and K, 
(12). 


ionic species as a fraction, 5, of the total concentration of all 
species of a given reactant. 

k = K., K. y (4) 
The fractions, J, were calculated at each pH in the manner used 


by Alberty et al. (9) and combined to give F as shown in Table II. 
For these calculations, the equilibria of Equations 5 and the in- 


cluded species were considered. 

- 
Ku = Hip- Ku = “GHATPr) 

(HPP;*)(H*) (PP,\*)(H*) 
K.. PPT) Ka = 

_ (MgHPP,") 

K. K. — 

(Mg**)(MgPP*) (Mg**)(ATP) 
k = 

(Mg**)(ADPT) 


The constants given in Table III for ionic strength of 0.4 were 
used for the equilibrium calculations. Although not involved in 
the equilibrium, a value for K. is included in the table for later 


use. 

A simplifying assumption was made with respect to (Mg**). 
All experiments were performed in 0.0066 mu (Mg) r which is a 
considerable excess over the other reactants (Table I). In view 
of this and of the values for the Mg binding constants (Table 
III) it was assumed, but only for the purpose of calculating 
(Mg**), that ATP and PP, bind 1 mole of Mg per mole and that 
the other reactants bind none. Thus, (Mg**) has been taken 
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as 0.0054 M in all cases and possible deviations from this value 
will have little effect on the calculations. With the aid of this 
assumption, and the statement of the total concentration of 
each reactant as the sum of the various possible species, Equa- 
tions 5 can be solved for the concentration of each species and the 
following expressions for the fractions F obtained. 


K., + [H*] 
K.K. (Mg) 
(H*) + K., + K,,.K.(Mg**) 


K,,K,,Ki(Mg**) 
+ K;(Mg**)/K,,{H*] 

+ {1 K. + K.K.( Mg“ K. 

The calculated values for these fractions and for K are given in 
Table II. The latter varies from 1.30 x 10 to 0.48 X 10. 
Considering the large number of species involved in the final 
equilibrium, discrepancies of this order may perhaps be expected. 
Probably a number of factors such as the uncertainties in the 
temperature and ionic strength adjustments of the constants as 
given in Table III, the neglect of some species, and the fact that 
the constants for ATP (12) and PP; (11) were determined by 
different methods contribute to the discrepancy. Since the pH 
dependence of K increases sharply at higher pH, the effect of un- 
certainties in the pH estimations will be quite appreciable in this 
region. A decrease of 0.05 pH units around pH 7.75 increases 
the value for K by 20%. From the average value of 0.89 x 10 
for K taken from Table II, K’ was found? to have a value of 0.89 
for pH 7.0 and 8.9 for 7.5, where K = K/{H*}*. Values for K 
were also calculated with the magnesium binding constant of 
Smith and Alberty (7) for ATP. With a value of 2.5 x 10° for 
K, (adjusted for 37° and ionic strength 0.4), an average value of 
1.02 X 10-"* was obtained. 

Free Energy of Hydrolysis of Inner Pyrophosphate Bond of 
ATP—As mentioned earlier, the standard free energy change 
associated with the synthesis of the guanidino group can be 
estimated from the difference between the AF® for the conden- 
sation reaction and that for the hydrolysis of ATP to AMP and 
PPI. A possible difference in AF® between the hydrolysis of the 
terminal and inner pyrophosphate bonds of ATP has been dis- 
cussed by Hill and Morales (13). They conclude that the latter 
may be 1 kilocalorie less negative than the former. However, 
since an experimental value is not actually available, we have 
assumed AF® for Reaction 6 to be the same as for the terminal 
cleavage in the absence of Mg**, and have calculated a value for 
Reaction 7 in the presence of excess Mg**. 


ATP* + H,O = AMP? + HPP;* + Ht (6) 
MgATP® + HO = + MgPP;* + 2H* (7) 


For these calculations it is necessary to formulate AF® for 
reactions involving constituents that consist of several ionic 
species at equilibrium, rather than to refer the free energy change 
to a reaction in terms of a single species for each constituent. 
This is similar to the problem just considered in formulating the 
equilibrium constants. For such complex equilibria correction 
to a standard state of 1 M total concentration has been made with 
the use of the fraction, 9, of the designated species, as in Equa- 
tion 8 below, or by neglecting the correction for values of F close 
to unity. This procedure is equivalent to choosing the standard 
state for that species to be J molar. All AFe values thus refer 


= 


= 
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to free energies calculated for a standard state of 1 M for the total 
concentration of all species of a given reactant except H/ for 
which the standard state is the activity indicated, usually pH 
7.5. The standard state for free Mg“, usually not explicitly 
a reactant in the equilibrium expressions, is 0.0054 M unless other. 
wise stated. 

For Reaction 6, if the constant Kpp, is given, AF” may be 
calculated 


Faure Furrir 
Jarre 


AF’pp, = —RT In Kpp, + RT In (8) 


Famer” Supp ir 


where 
(AMP*)(HPP;*)(H*] 
Jarre 


Ker, (ATP) 


has a value close to 1 at pH 7.5. Similarly for Reaction 7, 
where 


Kpp;.mg 


and 


_ _ 
(MgATPr) 


K 


Famer IH. 
Fuearrr 


The effect of Mg** on this hydrolysis at pH 7.5 and ionic strength 
0.2 is then 


AF AF” pp, 


= —RT In Keri RT In 


Famer Fuerrit H“ 
FugaTPr 


= — 1.0 kilocalorie 


A similar calculation can be made for the free energy changes, 
AF*’p, „. and AF», , for the hydrolysis of ATP to ADP and P. 
in the presence and absence of Mg*+. At pH 7.5, the J values 
are close to unity and the second term drops out. The difference 
due to Mg.“ then becomes 


r in 4 Rr in 


K. (10) 


AF u AF, = RI In K. = +1.6 kilocalories (11) 


at any pH for which the F values are close to unity as obtained by 
Burton (12). Benziger et al. (14) found AF”’p, to be —9.3 
kilocalories at pH 7.5, 38° and ionic strength 0.2. When com- 
bined with Burton’s value of +1.6 kilocalories for the effect of 
Mg“ as given in Equation 11, then AF” p, „ for pH 7.5 was 
found to be —7.7 kilocalories. 

If it is now assumed that AF“, is equal to AF pp,, then 
AF u for Reaction 7 at pH 7.5 becomes —10.3 kilocalories 
(—9.3 + (—1.0)), a value which is 2.6 kilocalories more negative 
than the one for the ADP-P;-forming cleavage. Thus, for the 
hydrolysis of the terminal pyrophosphate bond, the effect of Mg** 
on the equilibrium is such that the AFo become less negative 
since binding of Mg“ by ATP is greater than by ADP. Mag- 
nesium produces the opposite effect on the hydrolysis of the 
inner pyrophosphate bond, the As becoming appreciably more 
negative since the binding of Mg“! by PP. is considerably 
greater than by ATP. 

When Equations 10 and 11 were recalculated with the smaller 
binding constants for ATP and ADP reported by Smith and 
Alberty (7) at ionic strength 0.2 (K. = 4.3 x 10 and K, = 1.5 
xXx 10, both adjusted to 37°), values of —2.2 and +0.7 kilo- 
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calories were obtained. With these values AN ue and 
Aru were found to be equal to 11.5 and —8.6 kilocalories 
respectively. The difference in AF* between hydrolysis at the 
inner and terminal pyrophosphate linkages in the presence of 
magnesium would then have a value of —2.9 kilocalories. Thus, 
the effects of Mg“ discussed above become accentuated as the 
binding constant for ATP becomes smaller. 

Effect of MN“ on Free Energy of Hydrolysis of Inorganic 
Pyrephosphate—. attempts have been made to estimate 
the equilibrium constant for the hydrolysis of inorganic pyrophos- 
phate, an experimental value is not available (15, 16). It is 
apparent that the AF® for this reaction will become appreciably 
less negative in the presence of Mg“. The magnitude of the 
effect can be calculated in the same way as before. For the 
hydrolysis in the absence of Mg“ (Reaction 12) 


HPP;* + H,O = 2HPO? + H“ 


aN = kr In Ken + RT In 
where 
(HPO) 
In the presence of Mg** (Reaction 13), 
MgPP;?- + H.O = 2HPO, + Mg“ (13) 
where 
Kp (HPO? )*(Mg**) 
(MgPP*) 
) 
= RT In Krir. ue + RT In 
— = +RT In K.K. 
Fupr;? (Mg**) (14) 


A value of +4.16 kilocalories was obtained for Equation 14 for 
pH 7.5, ionic strength 0.2 and 0.0054 M Mg“ (4.80 kilocalories 
for 0.01 M1 Mg“). 

If it is assumed that in the absence of Mg“, the AF® for the 
hydrolysis of inorganic pyrophosphate is the same as for the P; 
forming cleavage of ATP, that is AF’p,p, = AF”’p, = 9.3 
kilocalories, then AF’, p, u at pH 7.5, ionic strength 0.2 and 
0.0054 m Mg“ has a value of —5.1 kilocalories (—9.3 + 4.16). 
This value is in good agreement with the value of 4.7 kilocalories 


arrived at by difference as follows: 
AMP + PP; = ATP + H:O + 10.3 kilocalories 
2ATP + 2H:O = 2ADP + 2P; — 15.4 kilocalories 
2ADP = AMP + ATP + 0.4 kilocalories 
Sum PP. HO = 2P; — 4.7 kilocalories 


The value of 0.4 kilocalories is based on a value of 0.5 for K for 
the adenylate kinase reaction (17). 

Release of H+ Associated with Cleavage of ATP to AMP and 
PP;—The H“ liberated in Reactions 6 and 7 may be calculated 
as a function of pH with the acid dissociation and magnesium 
binding constants listed. Such data also provide values for 
the release of acid in synthesizing reactions associated with this 
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EQUIVALENTS u“ 


16, Curves 3 and 
Calculated for 37°, ionic strength 0.2 and 0.0054 u Mg“, with 
use of the constants given in Table III and 1.6 Xx 10%, 1.0 x 
10 and 1.95 Xx 10~ for the second K. of orthophosphate, and for 
amino group dissociations of ATP and AMP respectively (10). 


position of ATP cleavage when, as in the case of Reaction 1, 
other ionization changes can be excluded. It was of interest 
therefore to calculate acid liberation in the absence of inorganic 
pyrophosphatase (Reactions 6 and 7) and in the presence of 
pyrophosphatase as shown by Reactions 15 and 16. 


ATP* + 2H. O = AMP* + 2HPO,* + 2H* (15) 
MgATP* + 2H,0 = AMP* + 2HPO,* + 2H* + Mg“ (16) 


The values taken for the calculations were those given in 
Table III for ionic strength 0.2 at 37°; (Mg**) was given a value 
of 0.0054 1. Acid liberation at each pH was calculated from the 
difference in average net charge between ATP and AMP plus PP., 
or between ATP and AMP plus 2P; with the generalized equa- 
tions of Alberty et al. (9). Such values, calculated for the 
absence of Mg.“ (Curves I and 2) and for the presence of Mg“ 
(Curves 3 and 4) are given in Fig. 1. It may be seen that the 
acidifying effects of the binding of PP; with Mg** are large. 
In the absence of Mg“ only one equivalent of acid is released at 
pH 7.5 since the fourth acid dissociation constant of PP; is very 
weak, whereas almost two equivalents of acid are formed in the 
presence of Mg“ whether or not PP; is allowed to accumulate. 
Curves 3 and 4 show that the stoichiometric release of two acid 
equivalents occurs at pH 8 and 9 respectively. 


Free Energy Changes Associated with Synthesis of Arginino- 
succinate and Arginine—The AF” for Equation 4 may be cal- 
culated for pH 7.5, ionic strength 0.2 and the standard state 1 u 
ſor (PP) r. With the use of the expression AF” = RT In K + 
RT In where K = 8.9 Xx 10 and = 
0.28, a value of —2.1 kilocalorie* was obtained for Equation 4 


No attempt has been made to adjust the value for K from 
ionic strength 0.4 to 0.2. 
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and a value of +8.2 kilocalories (—2.1 — (—10.3)) was obtained The corresponding free energy change at 37° for pH 7.5 was 


for the AF of the reaction 
Aspartate + citrulline = argininosuccinate + H. O 


Adding to this the experimental values +2.8 kilocalories for the 
cleavage of argininosuccinate to arginine and fumarate (6), and 
—2.4 kilocalories for the formation of aspartate from fumarate 
and NH; (19), gave —8.6 kilocalories for the reaction 


Arginine + HO citrulline + NH; 


Thus, the endergonic free energy change for the reaction in which 
the guanidino group is formed is about the same order of magni- 
tude as the exergonic free energy change for the hydrolysis of 
arginine. It is considerably larger than the AF® of 3.35 kilo- 
calories recently obtained for the hydrolysis of the amide group 
of glutamine at 37° (14). 

Effect of Mg**+ on AF*—It is generally recognized that PP. 
forming reactions are greatly favored in the direction of synthesis 
by product removal through the action of inorganic pyrophos- 
phatase. The enzyme is widely distributed in animal tissues 
and very probably functions in this capacity in vivo. Although 
the AF® value calculated for PP. hydrolysis in the presence of 
Mg“ is smaller than has been assumed, an energy drop of 5.1 
kilocalories is nonetheless sufficiently large to support the view 
that an essentially irreversible reaction brings about the product 
removal. Calculations of other magnesium effects show that 
the PP;-forming position of ATP cleavage is associated, per se, 
with several advantages. The differential of 2.6 kilocalories 
over the terminal cleavage provides additional push“ in the 
direction of synthesis. Also, a AF* as large as — 10.3 kilocalories 
can permit an increased number of energy-requiring reactions to 
be coupled to ATP. Thus, magnesium may have the effect of 
bringing synthesizing reactions with quite unfavorable equilib- 
rium position into function. 


SUMMARY 
1. The equilibrium position has been determined for the 
adenosine triphosphate-utilizing pH-dependent argininosuccinate 
synthetase reaction in the presence of excess Mg“ by means of 
an expression that is independent of pH. Values of 0.89 and 8.9 
were obtained for the equilibrium constant at pH 7.0 and 7.5. 


found to be 2.1 kilocalories. 

2. With the aid of assumptions discussed in the text, a value 
of — 10.3 kilocalories has been calculated for the free energy 
change of hydrolysis of adenosine triphosphate to adenosine 
monophosphate and inorganic pyrophosphate at 37° and pH 
7.5 in the presence of excess Mg“. 
ories was calculated for the hydrolysis of inorganic pyrophos 
phate to orthophosphate under the same conditions. 

3. Standard free energy changes for the formation of arginino- 
succinate from citrulline and aspartate, and for the hydrolysis 
of arginine to citrulline and ammonia were found to have values 
of +8.2 and —8.6 kilocalories at 37° and pH 7.5. 
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The transport of free amino acids into cells is the first step in 
| (1958). | protein synthesis, and, therefore, an essential part of growth. 
n., 198, Hormones that increase protein synthesis and growth over a 
2 period of time can do so only if increased supplies of free amino 
10, 384 | acids are made available inside the cells. This increased supply 
may occur (a) through an increased formation of amino acids 
J. Biol. within the cells; (b) through their increased active transport into 
. Biol. the cells; or, (e) through a decreased removal of amino acids by 
catabolism. For tissues with relatively little amino acid metab- 
oc., 78, | olism, (a) and (e) would play minor roles; for all tissues, the 
lal che. “essential”? amino acids would still have to be supplied externally. 
Growth hormone has long been known to decrease plasma free 
„ Biol, amino acid levels (2, 3). This decrease could arise from an in- 
creased uptake of amino acids by cells, but could not readily 
be., 79, result from decreased cell amino acid catabolism. The increased 
e., 19, uptake could, on the one hand, be the cause of increased protein 
* synthesis, the latter resulting from the increased cell amino acid 
levels, or it could be the result of a primary increase in protein 
8, 165 | synthesis, which would deplete cell amino acids and accelerate 
entrance indirectly. In the former case, increased cell levels of 
u. K., free amino acids would be expected, whereas in the latter they 
phys., | would be decreased unless the transport process was geared to 
respond directly to primary changes in protein synthesis. In- 
p, | direct evidence has suggested that cell amino acids must be in- 
creased under growth hormone action, since the total body nitro- 
gen pool rises while the plasma level falls (4). 
1952). Recently, we reported that bovine growth hormone increased 
- 17, | the uptake of the nonmetabolisable amino acid, a-aminoiso- 
butyric acid, by several tissues in normal rats (5). This amino 
acid is transported into cells in a manner similar to the neutral 
naturally occurring amino acids (6, 7), undergoing competition 
with normal amino acids in all cases examined.' Its chemical 
structure appears not to be altered in the rat (5, 7) or human 
body (7). By its use, the transport process can be isolated and 


would, of course, obscure effects on transport alone. Changes 
in a-aminoisobutyric acid distribution after growth hormone 
administration are therefore taken to mean a change in amino 
acid transport into cells (5). 


* Supported in part by a grant from the Horace H. Rackham 
School of Graduate Studies of The University of Michigan, and 
by grants C-2645 (H. N. Christensen, principal investigator) and 
A-3709 from the National Institutes of Health, United States 
Public Health Service. A preliminary report of part of this work 
has been published (1). 

1H. Akedo, unpublished observations. 


The present study is a closer and more direct examination of 
the effect of bovine growth hormone on a-aminoisobutryric acid 
distribution, with use of the more sensitive hypophysectomised 
rat. Changes in the a-aminoisobutyric acid in serum and tissues, 
especially skeletal muscle, are shown after hypophysectomy, and 
increased uptake of a-aminoisobutyric acid by tissue cells is 
found to be associated with the drop in serum levels caused by 
growth hormone administration. 


EXPERIMENTAL PROCEDURE 


Methods—Male hypophysectomised rats weighing between 70 
and 100 g were obtained from Hormone Assay Laboratories, 
Chicago, 2 days after operation. They were maintained well 
on a purified diet as described earlier (8), but containing 24% 
protein as casein. The animals were not used for experimenta- 
tion for a few days after receipt to make certain that hypophy- 
sectomy was complete (as determined by failure to grow). All 
animals were in excellent condition when used. 

Preparations of bovine growth hormone were obtained from 
Armour Laboratories,? and from Dr. A. E. Wilhelmi through the 
Endocrinology Study Section of the National Institutes of 
Health. The hormone was injected intraperitoneally at a level 
of 1 mg per rat in 0.4 ml of 0.9% NaCl solution. Control ani- 
mals received injections of 0.9% NaCl solution only. The gen- 
eral procedures were the same as those used earlier (8) unless 
indicated otherwise. C*-labeled AIB* was used in all experi- 
ments, and its levels in the various phases determined by radio- 
active counting. Values of its concentrations are again expressed 
as counts per minute per milliliter of water phase; for skeletal 
muscle, heart, and liver, this was corrected to give values for 
cellular water. None of the rats in the present experiments 
was fasted. 


Effect of Hypophysectomy on AI B Uptake—Rats that had been 
hypophysectomised for 5 or 6 days lost a much greater amount 
of an injected dose of AIB from their serum in 30 minutes than 
did those hypophysectomised for 20 to 30 days (Fig. 1A). The 
amount of AIB taken into skeletal muscle of these rats decreased 
over the same period (Fig. 1B). The distribution ratio, muscle 
AIB level to serum AIB level, dropped from 0.57 at 6 days to 
0.19 at 20 days. The higher level at 5 and 6 days presumably 
reflects the persisting action of endogenous pituitary growth 
hormone. Four other tissues examined in these same animals 

2 The authors wish to acknowledge gratefully these gifts. 

The abbreviation used is: AIB, a-aminoisobutyric acid. 
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Fic. 1. A. Increasing serum levels of injected C'*-AIB with 
time after hypophysectomy of rats. C**-AIB injected 30 minutes 
before death. B. Decreasing C't-AIB levels in skeletal muscle 
with time after hypophysectomy. C*-AIB injected 30 minutes 
before death. Same animals as in Fig. 1A. 
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Fic. 2. Uptake of C'-AIB by tissues of hypophysectomized 
rats; effect of growth hormone. CI AIB injected 24 hours before 
death. Bovine growth hormone (C bars) injected intraperitone- 
ally at level of 1 mg per rat 1 hour before death. Serum values 
are hundreds of counts per minute per ml of water; all others are 
expressed as distribution ratios between tissue and serum water. 
Four to nine rats per group. 


(liver, kidney, heart, and duodenum) did not show higher values 
at these short times, but went at once to the levels characteristic 
of hypophysectomy. Even skeletal muscle generally reached its 
near minimal value within 10 to 15 days (Fig. 1). 

In the above experiments, serum and tissue levels were meas- 
ured 30 minutes after AIB injection, at which time very rapid 
changes were occurring in AIB distribution in the rat body. 
Changes due to the hypophysectomy can also be shown in the 
steady-state distribution of AIB, in this case the analyses being 
made 24 hours after AIB injection (Fig. 2). Serum levels in the 
hypophysectomized animals were 43% above normal (Fig. 2 
left bars). The AIB uptake by the five tissues is given in Fig. 2 
in terms of distribution ratios, since the serum levels of the two 
groups were markedly different. Uptake by skeletal muscle, 
kidney, and duodenum in the operated animals was distinctly 
low, whereas heart and liver were above normal (Fig. 2). Heart 
was the only tissue in which AIB uptake failed to be stimulated 


by growth hormone injection in our earlier experiments with 
normal rats (5). Liver uptake of AIB, on the other hand, has 
been found to be elevated under a variety of stress situations 
(B. or other vitamin deficiency, after surgery, etc.). This is 
undoubtedly related to adrenal steroid secretion; hydrocortisone 
increased liver AIB markedly, without affecting other tissue 
levels significantly (5, 8). In the present case, the hypophy. 


sectomy is probably the indirect cause of the increased liver up- 


take. 

Effect of Growth Hormone on Steady-state Distribution of AIB~ 
Fig. 3 shows the effect of growth hormone on the serum radio- 
activity 24 hours after C-AIB injection into hypophysectomised 
rats. The well known drop in amino acid level appears within 
15 minutes for AIB (the shortest time examined), and reaches 
a maximum at about 1 hour. Even after 4 hours, the value wag 
significantly below the zero-time control (P « 0.01). 

The AIB lost from the serum of these rats could not be de- 
tected as significant increases in any of the five tissues examined. 
This did not mean, however, that the lost AIB had not gone 
into the tissues. The calculations given in Table I show that 
the total amount of AIB lost from the extracellular fluid during 
the first hour after administration of the growth hormone (the 
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Fic. 3. Effect of growth hormone on the steady-state level of 
C-AIB in serum of hypophysectomized rats. CI AIB injected 
24 hours before death. Bovine growth hormone, 1 mg, given 
intraperitoneally in 0.40 ml of 0.9% NaCl solution at the indicated 
time before death; 0.40 ml of 0.9% NaCl solution given to zero time 
controls. Five to nine rats per group. 


TABLE I 

Changes in total radioactivity (C'*-AIB) in water phases caused 

by growth hormone administration to hypophysectomized rats 

All values are average thousands of counts per minute + the 
standard error of the mean, based on 9 rats per group. Total 
radioactivities were calculated for water phases in rats weighing 
80 g, based on serum and muscle radioactivities found, and assum- 
ing an extracellular fluid volume of 20% of body weight and s 
skeletal muscle cell water of 33% of body weight. 


Control + Growth Maximal change® 
Muscle | 
ä 143.6 + 6.3) 144.9 + 5. 
Range*........... 137 .3-149.9 | 139.4-150.4 | —10.5-+13.1 
Extracellular fluid 
n 19.8 + 0. 13.4 + 0. 
Range 19.020. 6 12.6-14.2 +4.8-+8.0 


* Based on one standard error from the mean. 
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time of maximal change) was not large enough to be detected 
as increases in the tissues. For these calculations, the total 
extracellular fluid is assumed to be of the same radioactivity as 
the serum, the sample analyzed. Table I shows that the max- 
imal loss from the extracellular fluid of a rat weighing 80 g was 
8000 e. p. m., based on one standard error from the mean values 
obtained. This amount is easily within the range of variation 
for the increase of total radioactivity in the skeletal muscle, one 
standard error of the mean permitting a maximal increase of 
13,000 c.p.m. to go unobserved (Table I, Column 4). The AIB 
lost from the extracellular fluid could, therefore, well be hidden 
in the skeletal muscle alone, without considering the other tis- 
sues. 

In our studies with a variety of mammalian tissues both in 
vitro and in vivo, we have found consistently that changes in 
extracellular levels of amino acids result in responses in the cell 
levels; that is, if extracellular amino acid is lowered, tissue levels 
become lowered in response, and if extracellular levels are raised, 
the cells take up more of the amino acid (cf. 8, 9). In the pres- 
ent studies, the maintenance of even normal tissue AIB levels 
in the presence of decreased serum values could mean only that 
the growth hormone had increased the concentrative ability of 
the tissues for the amino acid. 

To demonstrate the rapidity of the response of the tissues to 
changes in serum AIB in vivo, we made use of mice whose peri- 
toneal cavities had been distended by the ordinary proliferative 
accumulation of large volumes of Ehrlich mouse ascites tumor 
suspension. Such mice were given injections of CI AIB from 
21 to 23 hours before use. They were then anesthetized with 
Nembutal, the peritoneal cavity was opened, the tumor sus- 
pension removed, and one kidney tied off and removed. AIB- 
free ascitic fluid from a second mouse (with or without its tumor 
cells) was then placed in the peritoneal cavity to serve as a diluent 
for the extracellular C“-AIB. In controls, the original tumor 
suspension was returned. In each case, the mouse was killed 
after 1 hour, and blood, tumor cells, and the second kidney were 
taken for analysis of radioactivity. The typical data in Table 
II, last column, show that 25% more AIB was lost from the sec- 


Taste II 
Loss of C''-AIB from mouse tissues in vivo after dilution of 
extracellular fluid 

Details of the experiments are given in the text. All concen- 
trations in thousands of counts per minute of C'*-AIB per ml of 
water. Original values represent levels of C'*-AIB in one 
kidney and samples of ascites tumor cells and cell-free ascites 
fluid at the beginning of the experiments. ‘‘Final’’ values are 
those given by the second kidney and other phases 1 hour after 
dilution (experimental) or return (control) of radioactive ascites 
fluid. Final AIB levels in serum and ascites fluid were essentially 
the same in most experiments. Each experiment represents 1 
mouse; representative data are presented. 


Control Experimental 422 
experi- 
mental 

Extracellu- 

lar fluid 3.18 3.47 +9 3. 2.84 —22 231 
Kidney ..... 156.0 | 127.7 —18 199.5 113.4 —43 —25 
Tumor cells 45.9 | 46.1 0.5] 53.8 39.4 —27| —27 
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Fic. 4. Effect of hormone on steady-state distribution 
ratios of C'*-AIB in skeletal muscle and liver of hypophysecto- 
mized rats. Same animals as in Fig. 3. 


ond kidney in the mouse in which the AIB had been diluted, as 
was lost in the control. This was as great as the loss from tumor 
cells that had been left in the cavity and diluted with cell-free 
ascitic plasma from the second mouse. The loss of amino acid 
from the kidney in vivo upon dilution of the extracellular fluid 
therefore appears to be of the same order as that of tissues studied 
in vitro. 

These data show that tissue amino acid levels do respond 
rapidly in vivo to changes in serum AIB. The growth hormone 
data therefore can mean only that tissue AIB had increased as 
a result of growth hormone injection, to account at least in part 
for the serum fall. This result is again best expressed in terms 
of distribution ratio, because this takes into account the contri- 
butions of both the cell and serum levels in measuring the ability 
of the cell to concentrate amino acids. The changes in distribu- 
shown in Fig. 4 for skeletal muscle and liver. The other three 
tissues show qualitatively similar results. Increases in all tis- 
sues were statistically significant at least at the time of maximal 
effect, 1 hour after the growth hormone was given (P < 0.01 
or less). 

The 1-hour values for the serum and five tissues are also given 
as the third bar (C) in each set in Fig. 2 to show that the hormone 
restored serum, muscle, kidney, and duodenum levels in the 
hypophysectomized rats to nearly normal or above. 

Effect of Growth Hormone on Rate of C“-AIB Uptake—In these 
experiments, the labeled AIB and the growth hormone were 
given at the same time. Growth hormone increased the rate of 
disappearance of AIB from the serum of hypophysectomised 
rats (Fig. 5). This was accompanied by increased amounts of 
the amino acid in four of the tissues examined, the exception 
being the duodenum. Figs. 6 and 7 show the results for skeletal 
muscle and liver, respectively. Steady-state control values, for 
comparison, are found as the B bars in Fig. 2. Both heart and 
skeletal muscle slowly reached their maximal values, being about 
two-thirds maximal at 4 hours. Liver, kidney, and duodenum 
values, in contrast, were maximal at 1 to 4 hours, and dropped 
off to much lower levels by 24 hours. The growth hormone in- 
creased the rate at which the maximum was attained in the liver 
(Fig. 7). Duodenum values reached high, nearly maximal levels 
within 3 hour, and the levels in the growth hormone-treated 
animals were less than in the controls. The rapid uptake by 
this tissue is probably a result of the intraperitoneal site of in- 
jection of the AIB. For the other four tissues, the amount of 
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Fic. 5. Effect of growth hormone on rate of di of 
C.AIB from serum of hypophysectomized rats. NaCl (0.9% 
solution) (@) or 1 mg of bovine growth hormone (A) was injected 
intraperitoneally at the same time as the C'‘-AIB. The rats were 
killed at the indicated times thereafter. Five to seven animals 


per group. 
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Fic. 6. Effect of growth hormone on rate of uptake of C'*-AIB 
into skeletal muscle of hypophysectomized rats. Same animals 
and symbols as in Fig. 5. 
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HOURS AFTER c- A1 + GROWTH HORMONE 


Fic. 7. Effect of growth hormone on rate of uptake of C-AIB 
into liver of hypophysectomized rats. Same animals and symbols 
as in Figs. 5 and 6. 


AIB taken up in 30 to 60 minutes was still small enough so that 
increases caused by the hormone could be measured directly as 
increased radioactivity. The direct relation between serum de- 
creases and tissue increases could, therefore, be shown. In the 
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duodenum, however, the amino acid entered the tissue too rap. 
idly, so that the effect of the hormone on rate of uptake was not 
actually being measured. That there was an increased uptake 
by this tissue was shown by the increase in distribution ratio 
from 10.2 in the control animals to 13.5 in the hormone-treated 
rats after 1 hour. The increased rate of AIB loss from the 
duodenum in the hormone-treated animals may reflect the low. 
ered serum levels in these rats. 

Discernible effects of the injected growth hormone on serum, 
skeletal muscle, and liver AIB had worn off by 4 hours after in- 
jection (Figs. 5 to 7). The serum values had reached a minimum 
by 1 hour, and by 4 hours may have increased to slightly above 
those of the controls (Fig. 5). In contrast, kidney and heart 
showed their maximal responses to the hormone at 4 hours. 


Growth hormone acted extremely rapidly on serum AIB levels 
in the hypophysectomized rats, measured either as rate of dis- 
appearance after AIB injection, or in the steady state. The 
results in all cases show that this effect is primarily a consequence 
of an increased uptake of the amino acid by the tissues. This 
is especially evident for skeletal muscle, which shows decreased 
uptake with time after hypophysectomy. 

The increased rate of labeling of proteins with radioactive 
amino acids under the influence of growth hormone (10-14) pro- 
vides evidence for a direct effect on protein synthesis. The 
same results would be expected, however, from any factor which 
could decrease the available free amino acid pool of the cell. 
The smaller pool would lead to less dilution of entering labeled 
amino acid, so that the protein would get the label faster even 
if the rate of protein synthesis was not altered. 

The use of the nonmetabolizable C-AIB, on the other hand, 
makes it possible to pin-point at least one site of action of the 
hormone as the transport step. Kostyo et al. (15) have recently 
found an increased rate of uptake of CW AIB into isolated rat 
diaphragm from hypophysectomized rats when bovine or simian 
growth hormone was added in vitro. This result provides evi- 
dence that the effect is produced by growth hormone directly, 
and is not mediated through one of the other hormones which 
will lower blood amino acid levels (16). Further, they observed 
the effect within their shortest time studied, 10 minutes after 
addition of the growth hormone. In the present studies, the 
hormone-treated rats had lower serum and higher tissue levels 
within 15 to 30 minutes (again the shortest times examined). 
The quick action in both cases suggests that the uptake of the 
AIB, rather than its release, is the step affected. 


Bovine growth hormone lowered the serum level of C"-a- 
aminoisobutyric acid in hypophysectomized rats within 15 min- 
utes after its administration. This change was primarily a con- 
sequence of an increased uptake of the amino acid by the tissue 
cells, as shown by four separate types of experiments: 

1. The rate of uptake of injected a-aminoisobutyric acid from 
serum into muscle was gradually decreased over the first few 
weeks after hypophysectomy. This was evident both as a de- 
crease in rate of entry into muscle and as a decrease in rate of 
disappearance from the serum. 

2. Serum a-aminoisobutyric acid levels in the steady state 
were elevated in hypophysectomized rats when compared to 
normal rats. This was associated with decreased uptake by 
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muscle, kidney, and duodenum. Other factors, such as increased 
adrenocortical secretion, may have prevented the liver from 
dropping below normal. . 

3. The drop in serum a-aminoisobutyric acid levels in the 
steady state after growth hormone administration was accom- 
panied by increased distribution ratios of the amino acid in all 
five tissues examined. Growth hormone corrected the high 
serum and low tissue values found in hypophysectomized rats, 
and, in addition, elevated heart and liver levels. 

4. Growth hormone increased the rate of uptake of a-amino- 
isobutyric acid by 4 of the 5 tissues examined in hypophysec- 
tomized rats. The exception was the duodenum, which had 
reached its maximal a-aminoisobutyric acid level within 3 to 
1 hour. The distribution ratio for this tissue was increased at 
1 hour, however. 
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Thiol esters, such as acetyl coenzyme A, the principal biological 
carrier of activated acetyl groups, have generally been supposed 
to be energy-rich“ compounds; i.e. to have a free energy of 
hydrolysis at pH 7.0 in the range of —7000 to — 14,000 calories 
per mole. The reported numerical values for the free energy of 
thiol ester hydrolysis have varied over a wide range (for recent 
estimates see references 1 and 2) because of changes in the esti- 
mates for the equilibria and free energies of formation on which 
they were based, and Wadso, who has recently measured their 
heats of hydrolysis, has questioned whether thiol esters are 
“energy-rich”’ compounds at all (3, 4). 

Thiol esters which contain a hydroxy] group in a suitable posi- 
tion for intramolecular attack on the acyl group have been shown 
by Harding and Owen to isomerize to the oxygen ester in dilute 
alkali at a faster rate than they undergo hydrolysis (5, 6): 


O O 
H—O 7 == 0” S—H 
/ 


I II 

A more detailed study of this reaction was undertaken in an 
attempt to measure the equilibrium constant for the isomeriza- 
tion, which would provide a direct estimate of the relative free 
energies of thiol and oxygen esters and, in conjunction with data 
for the free energy of hydrolysis of oxygen esters, would provide a 
relatively direct measure of the free energy of thiol ester hydrol- 
ysis. 


EXPERIMENTAL PROCEDURE 


S-Acetylmercaptopropanol (6), b.p. 92° at 4 mm; mercapto- 
propanol (6), b.p. 78-79° at about 14 mm; S-acetylmercapto- 
ethanol (7), b. p. 68.5° at 2 mm; and mercaptoethyl acetate (8), 
b.p. 65.4-66.5° at 20 mm, were prepared by published proce- 
dures. 3-Mercaptopropyl acetate was prepared by alkaline 
isomerization of S-acetylmercaptopropanol: S-acetylmercapto- 
propanol, 10.8 g, was added to 410 ml of a buffer solution, 0.4 M 
in Na: CO, and 0.1 m in NaHCO,, and stirred under nitrogen at 
room temperature for three hours. The solution was acidified with 
HCl and extracted three times with ether. The ether extract was 
dried with sodium sulfate and, after evaporation of the ether at 
reduced pressure, the mercaptopropyl acetate was fractionally 
distilled under nitrogen. The central fraction, b.p. 58° at 1.5 mm 


* Publication No. 68 of the Graduate Department of Biochem- 
istry, Brandeis University. This work was supported by grants 
from the National Cancer Institute of the National Institutes of 
Health (Grant C-3975) and from the National Science Foundation. 


(literature, 87° at 14 mm (6)), was collected. This material con- 
tained about 0.3% of contaminating thiol ester, determined by 
neutral hydroxylamine assay and ultraviolet absorption; it could 
not be removed by fractional distillation. Removal of this thiol 
ester was accomplished by treatment with 0.2 M hydroxylamine 
(from the addition of 0.1 volume of a mixture of equal parts of 4 
m NH OH- HCl and 3.5 mw NaOH) for 20 minutes and acidifica- 
tion to pH 2 to 3 before ether extraction. 


C.H,.08 
Calculated :' C 44.71, H 7.45 
Found: C 44.75, H 7.62 

Hydroxamic acid determinations were carried out by modifi- 
cations of the Lipmann and Tuttle (9) and Hestrin (10) pro- 
cedures, taking advantage of the fact that thiol, but not oxygen, 
esters react with hydroxylamine to give hydroxamic acid at 
neutral pH, whereas both react at alkaline pH. For thiol ester 
determination, 2.0 ml of sample was added to 0.5 ml of a freshly 
prepared solution containing 5 volumes of 4 M NH. OH- HCI, 4 
volumes of 3.5 m NaOH, and 1 volume of 10-?m EDTA? After 
10 minutes, 1.0 ml of 20% FeCl;-6H,O in 2.5 M1 HCl was added 
and the absorbancy was measured at 540 my after 1 minute. 
With these modifications, reproducible and linear determinations 
of thiol ester could be made in the presence of a 100-fold excess of 
mercaptopropy! acetate. A small correction was made for any 
color given by a control tube, to which the sample was added after 
the addition of hydroxylamine and FeCl;. The alkaline hydrox- 
ylamine reaction for total acetic acid ester determination was 
carried out in the same way, except that a hydroxylamine solution 
containing 1 volume of 4 M NH:OH-HCI, 2 volumes of 3.5 U 
NaOH, and 1 volume of 4 x 10 wm EDTA was used and in- 
cubation was carried out for only 1 minute. For glycine ethyl 
ester determination, a total sample volume of 0.5 ml was added to 
0.5 ml of a hydroxylamine solution containing 4 volumes of 4 M 
NH OH-. HCl, 5 volumes of 3.5 m NaOH, and 1 volume of water. 
After 1 minute incubation, 2.0 ml of 10% FeCl;-6HO in 0.3 U 
HCl were added and the samples read as described above. Extra 
NaOH to neutralize acid in the reaction mixture was added if 


Spectrophotometric measurements were obtained with a 
Zeiss model PMQ II spectrophotometer. Determinations of 
pH were carried out with a Radiometer model 4 instrument 
standardized with Fisher pH 10.0 buffer and using a 200 B glass 
electrode. 


1 Analysis by Schwarzkopf Microanalytical Laboratories, Wood- 
side 77, New York. 

2 The following abbreviation is used: EDTA, ethylenediamine- 
tetraacetic acid. 


— 
— 
R 


& 


70) 

DDr aml 

tai 

0. 

0.25 

ult 
dete 

(G. 

glu 

necessary. cou 
that 
und 

| ] 

toe 
este 

fere 

3 

3608 


December 1960 


Rates and equilibria were measured with reaction mixtures 
which had been temperature equilibrated at 39 + 0.1° in glass- 
stoppered tubes and flushed briefly with argon. The reactions 
were started by the addition of a dilute, temperature-equili- 
brated solution of ester, and rates obtained from the appropriate 
measurements on 6 to 10 aliquots during the course of the re- 
action. Determinations of free sulfhydryl by the nitroprusside 
method (11) at the beginning and end of a typical experiment 
showed no loss of sulfhydryl caused by oxidation. Pseudo first 
order rate constants were obtained from the relation 


k = 0.693/t,,, 


after determination of the half-time of each reaction from plots 
of the extent of the reaction, x. — ., against time on semi- 
logarithmic graph paper. Ester and thiol ester determinations 
which were used for the calculation of equilibrium constants were 
standardized with freshly prepared standard solutions of purified 
preparations of the same ester which was being determined. 
Equilibrium constants for ethyl acetate, mereaptopropyl acetate, 
and glycine ethyl ester formation were obtained from at least 
three determinations of ester concentration after equilibrium had 
been reached. The molar extinction coefficient of S-acetylmer- 
captopropanol in 0.01 M aqueous HC! at 235 my was found to be 
5200 (literature, 4300 at 232 my in alcohol (6)). 

The pK.“ of mercaptopropy] acetate was determined spectro- 

y from the absorption of thiol anion at 239 mu 

in 0.05 M. carbonate buffers, pH 9.61, 9.90, and 10.14, containing 
10-* wm EDTA and KCI to give an ionic strength of 0.3. The 
absorption of mercaptopropyl acetate after complete conversion 
to the thiol anion was determined in 0.01 M NaOH. Spectro- 
photometric readings were made immediately after addition of 
the thiol to the buffer or NaOH solution and were stable for at 
least several minutes. Each determination was carried out in 
quadruplicate with good agreement among replicate samples. 

It has been reported that S-acetylglutathione forms a spectro- 
photometrically detectable complex with free glutathione (12). 
If such a complex were formed between the thiol esters and free 
thiols described here, it would be necessary to make appropriate 
corrections in the calculation of equilibrium constants. In an 
attempt to observe such complex formation, 0.004 M solutions of 
S-acety lmercaptopropanol containing 0.0125 to 0.2 M mercapto- 
ethanol in 0.01 M HCl and in pH 7.4 phosphate buffer were ex- 
amined at 232 and 236 mu with the use of quartz spacers to ob- 
tain a 0.5-mm path length, and infrared spectra were taken of 
0.25 M solutions of S-acetylmercaptopropanol in D,O containing 
0.25 to 1.0 m mercaptoethanol. No effect of free thiol on the 
ultraviolet or infrared absorption of the thiol ester could be 
detected. Similarly, no effect of 0.012 to 0.10 m glutathione 
(G. L. Schwarz, no. 5905) on the absorption of 0.004 M S-acetyl- 
glutathione (Nutritional Biochemicals Corporation, no. 4229) 
could be detected in phosphate buffer pH 7.4. It was concluded 
that complex formation does not occur to a significant extent 
under these experimental conditions. 

RESULTS 

In preliminary experiments on the isomerization of mercap- 
toethyl acetate (II,n = 2) and S-acetylmercaptoethanol (I, n 
2), it was found that the base-catalyzed isomerization of thiol 
ester to oxygen ester occurred readily, without significant inter- 
ference from hydrolysis. Although these experiments indicated 

Carried out by Mr. Daniel DerVartanian. 
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that the equilibrium favored oxygen ester formation, it was not 
possible to obtain reliable values for the equilibrium constant for 
this reaction because of the formation of insoluble ethylene sul- 

ch. n. 

8 

fides from the oxygen ester by intramolecular elimination of 
acetate (5) at a rate which was similar to the rate of isomeriza- 
tion. 

The isomerization of mereaptopropyl acetate (II, n = 3) and 
S-acetylmercaptopropanol (I,n = 3), although slower than the 
corresponding ethyl compounds, occurs without interfering 
elimination (6) and was selected for further study. Initial 
studies of the isomerization of S-acetylmercaptopropanol in 
ell 
the reaction was base-catalyzed and went almost to completion, 
but showed marked deviations from the expected first order 
kinetics at constant pH. When the isomerization was carried 
out in the presence of an equimolar amount of mercaptoethanol, 
a rapid formation of insoluble ethylene sulfide was observed. 
This shows that intermolecular acyl transfer between thiol 
groups occurs more rapidly than the intramolecular isomeriza- 
tion, and provides an explanation for the deviations from first 
order kinetics, since the reaction of S-acetylmercaptopropanol 
with mereaptopropyl acetate gives O,S-diacetylmercaptopro- 
isomerization. 


0 0 


ch. + HSR 


This rapid intermolecular reaction (see also reference 13) pro- 
vides another example of the very high nucleophilic reactivity of 
the sulfhydryl group which, like imidazole (14) and hydroxyla- 
mine (15), appears to be especially high toward thiol esters. The 
kinetic deviations caused by O,S-diacetylmercaptopropanol 
formation were avoided by carrying out the isomerization in the 
presence of an excess of mercaptopropanol, so that the resuit of 
the transacylation reaction was principally to regenerate the 
starting material, rather than to form the diacetyl compound. 
In the presence of excess mercaptopropanol, the isomerization 
of S-acetylmercaptopropanol in borate buffers at pH 8.60 to 9.20 
followed a (pseudo) first order course at a given pH value, and 
the observed first order rate constants were found to be propor- 
tional to the activity of hydroxyl ion, with a second order rate 
constant of 2910 m-' minute for the hydroxide-catalyzed iso- 
merization (Table 1). Similar experiments in carbonate buffers 


(2) 


Taste I 
Base-catalyzed isomerization of S- acelylmercaptopropanol at 39° 
Conditions: 0.1 u potassium borate buffer, 0.01 u S-acetylmer- 
captopropanol, 0.04 M mercaptopropanol, 10 M EDTA; ionic 
strength maintained at 0.3 with KCl. 


hobe 
pH Robe (min- 12 (OH-) (min!) 
8.60 0.012 3050 
8.96 0.027 2980 
9.20 0.043 2710 
Average 2910 
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Fic. 1. Thiol ester formation from the isomerization of mercap- 
topropyl acetate. A. Thiol ester formation as a function of time, 
measured by neutral hydroxamic acid formation (@) and by the 
change in ultraviolet absorption at 235 my of aliquots diluted in 
0.038 « HCl (O). B. Lower curve: spectrum of 10 M S-acetyl- 
mercaptopropanol in 0.01 1 HCl, containing 10 M EDTA. Up- 
per curve: difference spectrum of an aliquot of the reaction mixture 
at 120 minutes against an equivalent amount of mercaptopropanol. 
The reaction mixture contained 0.1 u potassium borate buffer pH 
9.2, 0.02 M mercaptopropyl acetate, KCl to ionic strength 0.3, and 
10-¢ m EDTA; temperature 39°. 


2.0 


120 180° 
MINUTES 
Fic. 2. Approach to equilibrium of mercaptopropyl acetate 
isomerization at pH 9.22 + 0.01 at 39°. Potassium carbonate 
buffer, 0.1 u, ionic strength adjusted to 0.3 with KCI, total initial 


ester concentration 0.02 u, excess mercaptopropanol 0.04 u, 10 
mu EDTA. Thiol ester was determined by the hydroxamic acid 
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at a constant ionic strength of 1.0 showed no variation of the 
rate constants with varying buffer concentration at a constant 
pH, at buffer concentrations up to 0.4 u, indicating that the re- 
action is not detectably subject to general base catalysis. No 
uncatalyzed isomerization could be detected at neutral pH. In 
acid solution, isomerization and hydrolysis were found to pro- 
ceed at similar rates. 
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Measurement of thiol ester formation from the oxygen este 
by isomerization in the reverse direction requires sensitive assy 
procedures because of the small amount of thiol ester present u 
equilibrium. Thiol ester formation was measured (a) by the 
reaction of large aliquots of the reaction mixture with neutal 
hydroxylamine, which gives hydroxamic acid from thiol ester 
but not from oxygen esters, and which was shown in contro] 
experiments to give a linear response without interference by 
large amounts of oxygen ester, and (b) by changes in the absorp. 
tion of acidified aliquots of the reaction mixtures at 235 mg, 
near the absorption maximum of thiol esters. The results of ap 
experiment in which the isomerization of oxygen ester to thiol 
ester was measured by both of these methods is shown in Fig. l. 
The rate and extent of thiol ester formation are the same, as 
determined by the two methods (Fig. 1A), and the difference 
spectrum of the product shows satisfactory agreement with that 
of S-acetylmercaptopropanol (Fig. 1B). 

The results of a typical experiment in which equilibrium was 
approached from both directions, in the presence of an excess of 
mercaptopropanol, are shown in Fig. 2. The same equilibrium 
point is reached from both directions, corresponding to about 
1.5% of the total ester as thiol ester. The concentrations of 
thiol ester and oxygen ester at 120 and 180 minutes and the 
calculated equilibrium constants from this experiment are sum- 
marized in Table II. In order to obtain the equilibrium constant 
for Reaction 1, the concentrations of mercaptopropyl acetate 
were corrected for ionization of the thiol group by use of s 
spectrophotometrically determined pK,’ value of 9.84 at ionic 
strength 0.3 (see “Experimental Procedure“). The average 
equilibrium constant of 56 + 6 corresponds to a difference in free 
energy of 2500 calories per mole between the oxygen and thiol 
esters. Similar experiments at pH values of 9.45 to 9.94 were 
less accurate because of the smaller formation of thiol ester, but 
gave values of K ranging from 53 to 62, in satisfactory agreement 
with those obtained at pH 9.22. 

The free energy of thiol ester hydrolysis (Equation 3) may be 


ch. + H,0 = cn. bon + HSR 


obtained from the sum of the isomerization (Equation 1) and 
mercaptopropy! acetate hydrolysis (Equation 4) reactions. Al- 


+ H. = ck. bon + HO(CH:;),SH 


though equilibrium constants for the formation of several simple 


II 
E lit jum t t for ” t ti at 39 
Conditions as in Fig. 2. 


(RSH + RSO 
180 min 


Tube | 120 min 


17.8 
17.3 
17.5 
16.6 


16.4 
15.7 
16.1 
16.0 


0.25 
0.25 
0.25 
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0.22 
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aliphatic esters of acetic acid are known, they have generally 
been measured in solutions of low water content, and that for 
mercaptopropy! acetate has not been determined. In view of 
possible effects of structure and solvent on the equilibrium, the 
equilibrium constants for the formation of mereaptopropyl 
acetate, ethyl acetate, and glycine ethyl ester were measured in 
dilute aqueous solution at 39°, with the use of the Hestrin al- 
kaline hydroxylamine method for ester determination. The 
results of a series of experiments in 1 to 4 1 HCl are plotted 
logarithmically in Fig. 3 as a function of HCl concentration. 
The values of K’ for the equilibrium (in which the actual molar 


lester] IH: O 
[acid] laleohol] 

water concentrations are used) increase with increasing HC] 
concentration in each case (16, 17). In Table III are summa- 
rised the values of K, from extrapolation to zero HCl concentra- 
tion, and of the free energies of hydrolysis (based on water 
activity of 1.0) for the three esters. The free energies of hydrol- 
ysis of ethyl acetate, mercaptopropy] acetate, and glycine ethyl 
ester are —1800, —1900, and —1970 calories per mole, respec- 
tively; at ionic strength 0.3 these values are lees negative by about 
25 calories per mole, which is not significantly different from the 
values at zero ionic strength. The free energy of S-acetylmer- 
captopropanol hydrolysis (Equation 3) at ionic strength 0.3 and 
39° is, accordingly, —2500 plus — 1900 = —4400 calories per 
mole. 


Much of the confusion surrounding the concepts of energy- 
rich” compounds, “high energy” bonds, and “high group poten- 
tials” has arisen because of different uses of these terms by dif- 
ferent authors. These concepts were developed to provide a 
name and a method of quantitative comparison for compounds 
which can be utilized, under physiological conditions, as a source 
of chemical free energy to drive metabolic reactions in a par- 
ticular direction or to provide a source of energy for various other 
forms of useful work (18). A general definition is that an en- 
ergy-rich” compound is one which will react, under physiological 
conditions, with a substance which is commonly present in the 
environment, to liberate a large amount of free energy. For an 
oxidation reaction, this most often refers to the free energy 
liberated on reaction with molecular oxygen; for hydrolytic re- 
actions, such as those considered here, it refers to the liberation 
of some 7000 to 14,000 calories per mole on reaction with solvent 
water at some standard pH value, usually between 7.0 and 8.0. 
It should be emphasized that these concepts have no direct 
relationship to the energy required to dissociate bonds to radicals 
or to the elements. 

The free energy of ester hydrolysis in dilute aqueous solution 
may be expressed according to one or more of the following con- 


ventions: 
AcSR AcOR GlyOR 
I AcXR + H,O = AcOH + 4400 -1800 — 1970 
HXR 
II AcXR + HO = AcO- + +2300 +4900 +1440 
HXR + H“ 
III Ae XR + HO = AcO- + 7670 —5070 —8400 


HXR (+H*), pH 7.0 
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Fia. 3. Logarithmic plot of the equilibrium constants for mer- 
eaptopropyl acetate, ethyl acetate, and glycine ethyl ester forma- 
tion at different hydrochloric acid concentrations at 30°. A, ini- 
tial concentration of alcohol = 0.4m; acid = 0.5m. A, alcohol = 
0.2 M; acid = 1.0m. 


TanI III 
Equilibrium constants and free energies for ester 
formation and hydrolysis at 39°* 
RCOOR’ + H:O = RCOOH + HOR’ 
All values extrapolated to zero ionic strength and HCl concen- 


tration. 
K = 
Ester 
Ethyl acetate................ 3.0 1800 
Mereaptopropyl acetate. ..... 2.6 1900 
Glycine ethyl ester. 2.3 1970 


* Values of K are calculated in terms of the molar concentra- 
tions of all reactants and products, including water. In calculat- 
ing AF*, however, the activity of pure water is taken as unity, ac- 
cording to the usual thermodynamic convention. 


in which the equations refer to 1 M aqueous solutions as the 
standard state and water (activity 1.0) may be omitted. All 
three of these expressions are correct and useful. Conventions I 
and II give pH independent values of the free energy of hydrol- 
ysis (AF®); they differ by the free energy of ionization of acetic 
acid or, in the last column, of glycine. Either can be used to 
calculate the available free energy at any pH or concentration by 
substitution of the correct activities (or approximately, concen- 
trations) of the ionic species given in the equation which are 
present at the pH under consideration by substitution in the usual 
equation: 

(products) 
(reactants) 


Convention III gives a value for the free energy of hydrolysis at 
a given pH based on the total concentrations of reactants, regard- 
less of ionic species. It is useful for comparative purposes and to 
express the available free energy of hydrolysis at physiological 


OF = AF* + 4.57 T log (5) 
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pH. Expression III is, therefore, the only convention which 
provides a criterion for the energy- rich“ nature of a compound. 

Carpenter has recently suggested that Convention I, in which 
all reactants are given in their un-ionized standard state, is the 
preferred standard for the expression of pH independent AF® 
and K values (19). This convention is convenient in the par- 
ticular case of ester hydrolysis, since the ionization constants for 
acetic acid and glycine, which are required for the calculation of 
free acid concentration at any pH, are well known. We do not 
agree that it is a generally useful standard expression, however, 
since the dissociation constants of many physiologically impor- 
tant compounds are not accurately known. It seems particularly 
inappropriate for reactions such as amide hydrolysis, since no pH 
exists at which the products, amine and acid, both exist in an 
uncharged form. Expression II, in which the ionic forms com- 
monly dealt with at physiological pH are used, is a generally 
more convenient convention for the expression of AF®, since its 
use at any pH requires only a knowledge of the pH and of dis- 
sociation constants (pK values) which are close to this pH. 
Interconversion between AF® values and observed or calculated 
AF values at a given pH is readily accomplished with this ex- 
pression by substitution of the activities (or approximately, 
concentrations) of the reactants and products, including hydro- 
gen ion, in Equation 5, as described above. It is convenient 
that the free energy of hydrolysis, at pH 7.0 and physiological 
temperatures (Convention III), for a reaction in which one 
equivalent of hydrogen ion is released is approximately obtained 
by subtracting 10,000 calories (2.303 RTlog 10-7) from the value 
of AV, expressed according to Convention II. 

The effect of variations of the hydrogen ion concentration on 
AF is great, approximately 1400 calories per mole per pH unit, 
for hydrolytic reactions in which a proton is released. The 
nature of this pH dependence has recently been described in detail 
for a number of reactions by Carpenter (19). For ester hydrol- 
ysis, the common view that oxygen esters are “low energy” 
compounds is based on estimates in the range of —2000 to — 4000 
calories per mole for the free energy of hydrolysis to the free acid 
and neglects the large correction to physiological pH. For 
oxygen and thiol esters of acetic acid, the correction to physio- 
logical pH increases the —AF values from 1800 and 4400 to 5070 
and 7670 calories per mole, respectively. This places thiol 
esters of acetic acid well into the range of energy-rich“ com- 
pounds. The free energy of hydrolysis of glycine ethyl ester to 
the free acid, —1970 calories per mole, is very similar to that of 
ethyl acetate, but the high acidity of the carboxyl group of gly- 
cine results in a free energy of hydrolysis at pH 7.0 of —8400 cal- 
ories per mole. This places amino acid esters in the category of 
“energy-rich” compounds and accounts for the ready reversibility 
of amino acid activation by ATP to aminoacyl-RNA esters (20- 
23). A further —2000 to —4000 calories per mole is added to 
the free energy of hydrolysis of these compounds if dilute solu- 
tions, on the order of 0.01 to 0.001 M, are considered (Equation 
5), since the hydrolytic reaction involves 1 mole of ester going to 
2 moles of product. 

It may be noted that division of AF into separate terms for 
hydrolysis to the free acid and for ionization of the acid, although 
convenient for calculation, has no theoretical significance with 
respect to the origin of the free energy released on hydrolysis 
(cf. references 19, 24, and 25), since such thermodynamic re- 
lationships are independent of the pathway by which they are 
attained. Such interpretations depend on the particular path- 
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way selected and are different if other, equally reasonable 
pathways are considered. Theoretical interpretations regarding 
the effects of structure on AF are best made by comparing the 
effects of structure on the stabilities of the reactants and of the 
products. Thus, the high free energy of hydrolysis of glycine 
ethyl ester at neutral pH should be ascribed to a destabilizing 
effect of the positively charged ammonium group on glycine 
ethyl ester, compared to glycine, rather than to the high acidity 
of glycine. It is, however, generally true that structural ip. 
fluences which increase acidity also increase the free energy of 
hydrolysis at neutral pH. 

Wadso has reported that the heats of hydrolysis of ethyl 
acetate and ethyl thiolacetate are 0.89 and —0.95 kilocalories 
per mole, respectively, after correction to the liquid, un-ionized 
state (3,4). Because of these small and similar values for oxygen 
and thiol esters, he questions the energy- rich“ nature of thiol 
esters. These values are not a measure of the “energy-rich” 
nature of oxygen and thiol esters in the sense used here, however, 
since they (a) are enthalpies rather than free energies, (b) do not 
refer to dilute aqueous solutions, (c) do not include the 2500 cal- 
ories per mole of free energy which reflects the driving force of 
the high concentration of solvent water towards hydrolysis and 
is expressed in the usual convention that the activity of wa- 
ter = 1.0 rather than 55.5, and (d) are not corrected to physiologi- 
cal pH. The observed heats of hydrolysis for the oxygen and 
thiol esters in dilute aqueous alkali were reported as — 10.58 and 
- 17.25 kilocalories per mole, respectively. The lower values 
quoted above were obtained by correction to the liquid state, 
which largely reflects a correction for the — 11.61 kilocalories per 
mole liberated on addition of acetic acid to dilute alkali. Ifa 
correction is made only for the heat of solution of ethanethiol in 
alkali (since thiols are predominantly un-ionized at neutral pH), 
the observed heats of hydrolysis of the oxygen and thiol ester 
to acetate ion and HXR in aqueous solution are approximately 
—10.6 and —12.2 kilocalories per mole, respectively. 

The greater tendency toward hydrolysis of thiol than of oxygen 
esters presumably is largely due to the relative lack of resonance 
stabilization of thiol esters through the contributing structure 
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III, because of the reluctance of the large sulfur atom to donate 
its lone pair of electrons to form a double bond to carbon. On 
the other hand, there is spectroscopic evidence for a contribution 
of form IV, in which an empty d orbital of sulfur is utilized (26); 
this evidently does not provide a high degree of stabilization to 
the molecule. The interrelationships of the reactivity, free en- 
ergy of hydrolysis, and carbonyl infrared spectra of thiol esters 
have recently been discussed elsewhere (7). 

Relation to Other Work—Reported values for the equilibrium 
constants for ethyl and methyl acetate formation, dating back to 
the early work of Berthelot and St. Giles, are nearly all in the 
range of 4 + 2, in spite of a very wide range of temperature and 
solvent composition (27-30). Jones and Lapworth obtained 
higher values in the presence of relatively concentrated hydro 
chloric acid and suggested (16), in close agreement with modem 
views (31), that this was principally due to a decrease in the 
availability of water, because of specific binding of water to acid. 
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The values of 2.6 to 3.0 reported here for ethyl acetate and 
mercaptopropy! acetate in dilute aqueous solution at 39° are 
similar to previously reported values, in spite of the differences 
in experimental conditions. Rona and Ammon have reported 
data for the enzyme-catalyzed approach to equilibrium of n-bu- 
tyric acid and n-butyl-n-butyrate in 90% butanol (32), from 
which an equilibrium constant of approximately 1.9 for the 
formation of this ester may be calculated. Hestrin has reported 
a value of 0.26 for acetylcholinesterase-catalyzed acetylcholine 
formation (33). The relative instability of this ester may be 
attributed to the strong electron-withdrawing effect of the 
quaternary nitrogen atom of choline, which is also responsible 
for the 13-fold more rapid alkaline hydrolysis of acetylcholine 
than ethyl acetate (34, 35). The free energy of hydrolysis of 
this compound is —3200 calories per mole to the free acid and 
-—6470 calories per mole at pH 7.0, which, on comparison with 
the values for thiol ester hydrolysis reported here, suggests that 
the choline acetylase reaction should be measurably reversible. 
Some reversal of the analogous carnitine acetylase reaction has 
been detected, although the equilibrium constant is not known 
(36). 

The value of —4400 calories per mole (—7670 at pH 7.0) for 
the free energy of hydrolysis of S-acetylmercaptopropanol at 39° 
and ionic strength 0.3 probably applies to the free energy of 
hydrolysis of most thiol esters of acetic acid, including acetyl- 
CoA, at any ordinary ionic strength and temperature, with an 
error of not more than a few hundred calories. The free energy 
of hydrolysis is generally only slightly influenced by uncharged 
substituents; ethyl acetate and mercaptopropy!l acetate, for 
example, have very similar free energies of hydrolysis. In cases 
in which comparison is possible, acetyl-CoA behaves very 
similarly to other thiol esters. Stadtman has shown that the 
free energy of hydrolysis of acetyl-CoA does not differ signifi- 
cantly from that of S-acetylglutathione, in spite of the consider- 
able difference in structure between the two compounds (37). 
The rate of alkaline hydrolysis of acetyl-CoA at 0°, from the data 
of Lynen et al. (38), is 1.2 m~' min. 1, which falls within the range 
0.65 to 1.5 M1 min.~' for a series of substituted thiol esters of 
acetic acid, including ethyl thiolacetate (2, 39, 40). Moreover, 
several simple analogues of acetyl-CoA are similar in their 
chemical and enzymic behavior to acetyl-CoA itself (2). The 
equilibria for thiol ester formation from a series of acids at 200° 
have been studied by Faber and Reid (41), who report data which 
indicate that the equilibrium constant for ethyl thiolacetate 
formation is 0.020. The similarity of this value to the corre- 
sponding value of 0.047 for S-acetylmercaptopropanol in aqueous 
solution at 39° suggests that equilibria of thiol esters share the 
remarkable insensitivity of oxygen esters to variations in tem- 
perature and solvent. By analogy with the data presented in 
Fig. 3, it is unlikely that small variations in ionic strength will 
have a large effect on the free energy of thiol ester hydrolysis. 

The free energy of thiol ester hydrolysis may be calculated in- 
directly from equilibrium data, without use of free energy of 
formation values. The following calculations are based on 
recently reported equilibrium determinations at 22-29°, which 
have been corrected to pH 7.0 for reactions with pH dependence. 
Complete conversion of ATP and ADP to their Mg“ complexes 
is assumed for reactions carried out in the presence of equal or 
greater concentrations of Mg“. 
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I (1) Acetyl-CoA + oxaloacetate + H.O = -—7440 42 
Citrate + CoA (+H*) 
(2) Citrate" = Oxaloacetate™ + acetate™ +260 43 
Sum: Acetyl-CoA + H:O = Acetate” + CoA —7180 
(+H*) 
II (I) Acetyl-CoA + HPO,” = Acetyl phos- +2850 13, 37 
phate“ + CoA 
(2) Acetyl phosphate + MgADP- = Ace- —3050 44 
tate + MgATP~ 
(3) MgATP- + H,O = HPO.” + MgADP- —7300 45-47 
Sum: Acetyl-CoA + HO = Acetate” + CoA —7500 
(+H"*) 


The agreement of these values with that of —7670 calories per 
mole for S-acetylmercaptopropanol hydrolysis is probably as 
good as can be expected. Comparison through series II, which 
relates the free energies of thiol ester and of ATP hydrolysis, pro- 
vides a new standard of reference for the latter reaction and gives 
some further support for recently reported values near —7300 
calories per mole for the free energy of hydrolysis of ATP in the 
presence of excess Mg** at pH 7.0 (45-47). Values for the free 
energies of hydrolysis of several classes of activated acy] groups 
and related compounds at pH 7.0, based on these standards of 
reference, are summarized in Table IV; we believe that these 
values are correct to within a few hundred calories. 


IV 
Free energies of hydrolysis of activated acyl 
groups and related compounds at pH 7.0 


-A, pH 7.0 Reference to 
(cal/mole) equilibrium 
Acetyl oxygen esters.............. 5, 100“ t 
Acetyl thiol esters................ 7,700 t 
Amino acid esters................ 8,400 t 
Acetyl phosphate 10,500 37 
Acetyl phosphate esters (Ac-AMP). 13,300 42, 49 
Peptides (Cbz.Tyr.Gly.NH:)..... 500 50 
Amides (glutamine).............. 3,400 45 
Acetylimidazole.................. 13, 300 37 
7,300 45-47 
* Acetylcholine = —6470 calories per mole. 
See text. 


1. The equilibrium constant for the isomerization of the thiol 
ester, S-acetylmercaptopropanol, to the oxygen ester, 3-mercap- 
topropyl acetate, is 56 at 39° and ionic strength 0.3, corresponding 
to a difference in free energy of 2500 calories per mole between 
oxygen and thiol esters. 

2. The equilibrium constants for the hydrolysis of 3-mercap- 
topropyl acetate, ethyl acetate, and glycine ethyl ester in dilute 
aqueous solution at 39° give a value of —1900 + 100 calories per 
mole for the free energy of hydrolysis of oxygen esters to the free 
acids under these conditions. The free energy of thiol ester 
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—4400 calories per 


"= At pH 7.0, the free energies of hydrolysis of normal oxygen 
and thiol esters of acetic acid are approximately —5100 and 
—7700 calories per mole, respectively; that of amino acid esters 
is —8400 calories per mole. According to the definition given 
here, this places thiol and amino acid esters in the class of en 
ergy-rich” compounds. Some aspects of the current status of 
this class of compounds are discussed. 
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The liver of the guinea pig was shown (1, 2) to contain two 
enzymes which catalyze the dehydrogenation of testosterone. 
One is located in the particulate fraction and specifically requires 
diphosphopyridine nucleotide as hydrogen acceptor; the other, 
present in the fraction of guinea pig homogenate not sedimented 
by 24,500 X g for 60 minutes, specifically requires triphospho- 
pyridine nucleotide as hydrogen acceptor. The kidney of the 
guinea pig also contains these two enzymes located in the same 
subcellular fractions. Hurlock and Talalay (3) reported that 
the transfer of hydrogen from one pyridine nucleotide to another 
in a preparation of rat liver occurs by the action of a single 
3a-hydroxy steroid dehydrogenase with dual nucleotide speci- 
ficity. Stein and Kaplan (4), however, could find no evidence 
in rat liver preparations of transhydrogenation mediated by 3a- 
hydroxy steroids. It was of interest to determine whether hy- 
drogen transfer could be mediated by the combined action of 
two physically separable dehydrogenases with the same substrate 
but different pyridine nucleotide specificities. 

We have confirmed Kochakian’s observations and have par- 
tially purified the two dehydrogenases. The present paper re- 
ports studies of some of their properties and of their inability 
at physiological concentrations of steroids and nucleotides to 
mimic the action of a true steroid-dependent pyridine nucleo- 
tide transhydrogenase such as the estrogen-stimulable enzyme 
of the placenta which has been under study in our laboratory 
(5-7). 


EXPERIMENTAL PROCEDURES 
Materials and Methods 


Male or female guinea pigs weighing about 500 g were killed 
by a blow on the head and the liver and kidneys were dissected 
and placed in ice-cold 0.9% sodium chloride. The tissue was 
minced with scissors, weighed rapidly on a torsion balance, and 
homogenized in 9 volumes of ice-cold 0.25 M sucrose. The ho- 
mogenization was performed in a Lourdes motor-driven homog- 
enizer at 60 volts for 1 minute. The homogenate was centri- 
fuged at 1500 X g for 30 minutes at 0° in a refrigerated angle 
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t A preliminary report of part of these results was presented 
in Boston 


and the supernatant fluid was transferred to clean tubes and 
centrifuged at 24,500 X g for 60 minutes to sediment a mito- 
chondrial fraction. The supernatant fluid was then centrifuged 
in a Spinco preparative ultracentrifuge at 57,000 x g for 60 
minutes to sediment a microsomal fraction. The particle-free 
supernatant fluid from the ultracentrifugation was fractionated 
by the addition of solid ammonium sulfate in increments. The 
fractions were collected by centrifugation and then resuspended 


al. (8) or sonication for 10 minutes in a 10-ke generator (Ray- 
theon DF 101) solubilized the DPN specific 178-hydroxy ster- 


tionated by the addition of solid ammonium sulfate. 
Dehydrogenase activity was measured by the change in op- 
tical density at 340 my in a Beckman DU spectrophotometer 
at 23°. Each cuvette contained 200 umoles of Tris buffer, pH 
9.0, 10 wmoles of MgCl: 1.5 umoles of pyridine nucleotide, 


of 


ydrogenase 
which specifically requires TPN is located in the fraction of ho- 
mogenized guinea pig liver not sedimented at 24,500 x g for 60 
minutes. This ensyme is located in the nonparticulate fraction 
of the liver cell and not in the microsomal fraction, for it is 
not sedimented by a centrifugal force of 57,000 x g for 60 
minutes. The soluble protein obtained in the supernatant fluid 
by the latter operation was further fractionated by the addi- 
tion of ammonium sulfate, and the TPN specific testosterone 
dehydrogenase activity was precipitated between 60 and 75% 
saturation with ammonium sulfate (Table I). In further steps 
this fraction was adsorbed onto and eluted from calcium phos- 
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TABLE I 
Assay of fractions of guinea pig liver for 17B-hydrozy steroid dehydrogenase activity 178 
The values are expressed as units of enzyme activity per mg of protein. One unit of enzyme activity is defined as the amount which! 0 
results in the formation or disappearance of 1 mumole of reduced pyridine nucleotide per minute. — 
Activity with TPN Activity with DPN of f 
Protein 
Total units Units/mg | Total units Units / mg 
me 
(2) Mitochondrial fraction, Ra. % 656 138 0.21 3,875 5.9 (2) 
ͤ 1,740 18,250 10.5 4,350 2.5 (3) 
(4) Microsomal fraction, R. % /e110JIII 207 108 0.44 4,600 22.3 
1,427 17,400 12.2 il 
(6) Precipitated from (5) by 0-40% saturation (NH.) 80. 275 143 0.52 | 
(7) Precipitated from (5) by 40-50% saturation (NH,)2SO,....... 280 465 1.6 (4) 
(8) Precipitated from (5) by 50-60% saturation (NH.) 800. 263 1,100 4.20 | 
(9) Precipitated from (5) by 60-75% saturation (NH,)2SO,....... 313 9,250 | 29.5 | 
(10) Not precipitated from (5) by 75% saturation (NH,)2SO,...... 173 268 1.5 (5) | 
(11) Second (NH,)2SO, precipitate of 160 9,500 
(12) Fraction (11) dialyzed against 0.05 M NaHCoO;, pH 6.8; cen- ( 
trifuged. Supernatant fluid 130 9,600 74 (6) | 
(13) Fraction (12) adsorbed to and eluted from calcium phosphate 
177... ² 72 8,640 120 
(14) Fraction (11) after electrophoresis on starch block........... 48 6,960 145 
phate gel and was further purified by electrophoresis on a starch mented by centrifugation at 24,500 x g as described by En- Ey 
block. dahl et al. (1). It was solubilized from the particles sedimented | testo 
The soluble protein fraction of the liver contains in addition at this centrifugal force by treatment with a solution of 1% ton 
another 178-hydroxy steroid dehydrogenase or dehydrogenases digitonin as described by Kaplan et al. (8) or by sonic dis | 0 t 
which will utilize either DPN or TPN as hydrogen acceptor ruption of the particles. The solubilized enzyme was preeipi- late 
and which reacts much more rapidly with estradiol than with tated from solution by the addition of solid ammonium sulfate | ‘he! 
testosterone. This enzyme is precipitated below 40% satura- to between 30 and 50% saturation (Table III). This 178-hy- testo 
tion with ammonium sulfate and appears to be similar to the droxy steroid dehydrogenase can utilize either DPN or the acetyl J Peel 
estradiol 178-dehydrogenase described by Ryan and Engel (9) pyridine analogue of DPN as hydrogen acceptor but does not simil 
and by Langer and Engel (10). The enzyme precipitated be- react with TPN. It reacts somewhat more readily with tes X 1 
tween 60 and 75% saturation with ammonium sulfate spe- tosterone than with estradiol, but the rates with different sub- en 
cifically requires TPN; neither DPN nor the acetyl pyridine an- strates do not differ as markedly as with the TPN specific subst 
alogue of DPN can serve as hydrogen acceptor in this system. enzyme in the nonparticulate fraction. The dehydrogenase prep At 
It reacts 10 times more rapidly with testosterone than with arations were relatively stable when kept either in solution at the 1 
estradiol (Table II) and is completely inactivated by heating 4“ or frozen at —20°. Hona' 
at 57° for 15 minutes. The reactions were examined for reversibility with A‘-andros J Parti 
DPN specific testosterone dehydrogenase activity was sedi- tenedione or estrone as substrate and the reduced pyridine nu- | beste 
cleotides as hydrogen donors (Table II). The reverse reaction diate 
Tae II goes more rapidly at lower pH, as one would expect since hy- ton 0 
Reversibilit TPN-specific 178-hydrory steroid dehydr drogen ion is one of the reactants. At pH 7.4 the reaction gave 
of nonparticulate fraction of guinea pig liver "rates in the forward and reverse directions are equal. ‘ft t 
The values are expressed as units of enzyme activity per mg of After assay, reaction mixtures were extracted 3 times with —— 
protein. One unit of enzyme activity is defined as the amount 20. ml portions of methylene chloride. The extracts were pooled, w DI 
which results in the formation or disappearance of 1 mamole of taken to dryness in a vacuum, and then partitioned between hydro 
reduced pyridine nucleotide per minute. The experiments were hexane and 90% methanol with six separatory funnels with strip ment : 
carried out with the enzyme precipitated from the nonparticulate ping. The methanol layers were combined, taken to drynes TPN 
fraction of the guinea pig liver between 60 and 75% saturation in a vacuum, and redissolved in minimal amounts of absolute tion 0 
with ammonium sulfate and resuspended in 0.25 m sucrose. methanol. Aliquots of these fractions, together with paralld hibite 
pH reference standards, were placed on Whatman No. 1 paper and § “tate 
Substrate c chromatographed in a Bush (11) system with ligroin-toluene I the te 
| 9.0 7.4 6.0 (2:1 by volume) equilibrated with methanol-water (7:3 by vol § “ym 
ume). The products of the reactions were characterized by d. teroid 
Testosterone........... — 29.5 14.3 5.6 traviolet absorption and by spraying with the Zimmerman (12) one, e 
Androstenedione....... 13.5 15.3 18.1 dione 
TPNH | 0 1.3 | 1.5  terone in the back reaction. No other steroids could be demos § ™ 
strated in these extracts. 
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III 
173-H ydrorysteroid dehydrogenase (DPN) activity in fractions solubilized from guinea pig liver mitochondria and microsomes by sonication 
One unit of enzyme activity is defined as the amount which results in the formation or disappearance of 1 mumole of reduced pyri- 
dine nucleotide per minute. Analyses carried out in system containing, in total volume of 3.0 ml, 200 umoles of Tris buffer, pH 9.0, 
10 ymoles of MgCl:, 2 umoles of DPN, and 0.4 umoles of testosterone in 0.1 ml of propylene glycol. The reference cell contained 0.1 ml 


of propylene glycol without testosterone. 


Total units 


() 


(2) R57.000 ùꝶ669õõõha0h „„ 
(3) Fraction (2) suspended in 46 ml 0.25 m sucrose and treated with ultrasound 


waves; centrifuged 20 minutes at 25,000 X g 


(4) Fraction precipitated from (3a) by 


(a) 0-30% saturation (NH.) 
(b) 30-40% saturation (NH.) S ooo 
(5) Fraction (4b) redissolved in 0.25 M sucrose and treated with (NH.) S0. 
(a) Precipitated between 0-10% saturation (NH.) S0. 
(b) Precipitated between 10-30% saturation (NH.) S0. 
(6) Fraction (5b) dissolved in 0.25 M sucrose and dialyzed overnight against 0.05 M 


NaHCO, pH 6.8, containing 10% glycerol. Centrifuged 


„ „ „ „ „ „ 


„„ % „ „ „ „„ „416 


Experiments were carried out in which the velocity of the 
testosterone dehydrogenase reactions was measured as a func- 
tion of substrate concentration. From a Lineweaver-Burk plot 
of the relation between substrate concentration and reaction 
rate during the first 4 minutes of the reaction at 23°, the Mi- 
chaelis constant, K., was calculated to be 2.7 Xx 10-* M for 
testosterone and 1.1 x 10 u for TPN. The K., of the DPN 
specific enzyme of the particulate fraction was calculated from 
similar experiments to be 3.3 X 10-5 M for testosterone and 2.8 
x 10-* M for DPN. These two testosterone dehydrogenases 
resemble other steroid dehydrogenases in having a fairly high 
substrate affinity. 

A combination of the DPN specific enzyme, solubilized from 
the mitochondria and precipitated by ammonium sulfate frac- 
tionation, and the TPN specific enzyme, isolated from the non- 
particulate fraction by ammonium sulfate fractionation, was 
tested over the range of pH from 6 to 9 for its ability to me- 
diate a steroid-dependent transfer of hydrogen upon the addi- 
tion of either testosterone or estradiol. All of these experiments 
gave negative results, no matter whether the test system was 
the transfer of hydrogen from DPNH to the acetyl pyridine 
analogue of DPN (13), or the transfer of hydrogen from TPNH 
to DPN with glucose 6-phosphate and glucose 6-phosphate de- 
hydrogenase as a TPNH generating system. A typical experi- 
ment is shown in Fig. 1. Control experiments showed that the 
TPN testosterone dehydrogenase is not inhibited by the addi- 
tion of DPN, nor is the DPN testosterone dehydrogenase in- 
hibited by the addition of TPN. Other experiments demon- 


strated that neither of the enzyme preparations interfered with 
the testosterone dehydrogenase activity of the other. The two 
enzyme preparations used were tested for 3a- or 38-hydroxy 
steroid dehydrogenase activity with androsterone, epiandroster- 
one, etiocholan-3a-ol-17-one, and pregnan-3a , 17 ,21-triol-11 ,20- 
dione as substrates and DPN and TPN as hydrogen acceptors, 
but no activity could be detected. This renders unlikely the 


0.074 , TPN 


Fic. 1. Attempt to demonstrate pyridine nucleotide transhy- 
drogenation by a mixture of DPN testosterone dehydrogenase and 
TPN testosterone dehydrogenase at low concentration of steroid. 
Each of three cuvettes contained, in a total of 3.0 ml, 200 Amoles 
of Tris buffer, pH 7.4, 10 smoles of MgCl:, 3 wmoles of glucose 6- 
phosphate, 0.6 Kornberg units of glucose 6-phosphate dehydro- 
genase, 5 units of TPN testosterone dehydrogenase, and 5 units of 
DPN testosterone dehydrogenase. Cuvette 3 contained 0.005 
umole (3 ug) of testosterone. The absorbance at 340 my was meas- 
ured in a Beckman DU spectrophotometer at 23°. At the times 
indicated, 1.5 smoles of DPN and 0.07 umole of TPN were added 
to cuvettes 2 and 3. No detectable transhydrogenation reaction 


possibility that transhydrogenation was prevented by the con- 
version of androstenedione to some 3a-hydroxy steroid which 
could not be reoxidized by DPN. 

The experiments of Holzer and Schneider (14) had demon- 
strated that hydrogen transfer from one pyridine nucleotide to 
another could be mediated by lactic or glutamic dehydrogenase 
if the concentrations of enzyme, nucleotides, and substrate were 
made high enough. Accordingly, further attempts to demon- 
strate transhydrogenation were made with, insofar as possible, 
comparable concentrations of the components of the 178-hydroxy 
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Fic. 2. Transhydrogenation by a system containing a mixture 
of DPN testosterone dehydrogenase and TPN testosterone dehy- 
drogenase of guinea pig liver. Each of two cuvettes contained, in 
a total of 3.0 ml, 200 moles of Tris buffer, pH 7.4, 10 uwmoles of 
MgCl:, 3 moles of glucose 6-phosphate, 0.6 Kornberg units of 
glucose 6-phosphate dehydrogenase, 29 units of TPN testosterone 
dehydrogenase, 23 units of DPN testosterone dehydrogenase, and 
2.5 mg of serum albumin. The absorbance at 340 my was measured 
in a Zeiss PMQ II r at 23°. Cuvette 1 served 
as optical reference. At zero time 0.05 mole of TPN was added 
to cuvette 2, which was reduced by the glucose 6-phosphate de- 
hydrogenase. At 6 minutes, 0.4 smole of androstenedione was 
added, which led to oxidation of the TPNH. At 14 minutes, 2 
amoles of DPN were added, and pyridine nucleotide reduction 
occurred. The reduced pyridine nucleotide was identified as 
DPNH by the oxidation which resulted upon the addition of ac- 
etaldehyde and DPN specific yeast alcohol dehydrogenase at 37 
minutes. When similar experiments were carried out at pH 6.0 
or pH 9.0, no transhydrogenation could be detected. 


steroid dehydrogenase system. Under these conditions (Fig. 2) 
transfer of hydrogen from TPNH to DPN does appear to be 
mediated by the two hydroxy steroid dehydrogenases. The re- 
duced pyridine nucleotide accumulating was identified as DPNH 
by the addition, at the end of the experiment, of purified yeast 
alcohol dehydrogenase and acetaldehyde. 

A TPN specific testosterone dehydrogenase was found in the 
nonparticulate fraction obtained from guinea pig kidney as well 
as in the liver but was not present in rat liver, in rat testis, 
or in human fetal liver. The soluble protein fraction of the 
rat or human fetal liver contains the estradiol 178-dehydrogenase 
described by Ryan and Engel (9), but this enzyme is precipitated 
below 40% saturation with ammonium sulfate. The material 
precipitated from the soluble protein fraction of the rat or hu- 
man fetal liver by higher ammonium sulfate concentrations does 
not contain hydroxy steroid dehydrogenase activity. The es- 
tradiol dehydrogenase of rat liver does not readily dehydrogenate 
testosterone, and no separation of this into fractions able to use 
only DPN or TPN as hydrogen acceptor has as yet been achieved. 


Pyridine Nucleotide-specific 178-Hydroxy Steroid Dehydrogenase 
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The mitochondria of the guinea pig liver contain a pyridine 
nucleotide transhydrogenase similar to the ones described by 
Kaplan et al. (8) in other mammalian tissues. This mitochon. 
drial transhydrogenase reaction is very rapid and is neither 
stimulated by estradiol or testosterone nor is it inhibited by 
thyroxine at a level of 5 Xx 10 M. The latter finding is in 
contrast to the inhibition of the transhydrogenase of heart mus. 
cle mitochondria by thyroxine described by Ball and Cooper 
(15). 


Several investigators have considered the possibility that hy. 
drogen transfer from one pyridine nucleotide to another might 
occur by a pyridine nucleotide linked enzyme system in which 
a substrate is reversibly oxidized and reduced. Kaplan et al, 
(16) attempted to duplicate the action of a true pyridine nv. 
cleotide transhydrogenase with several different reversible DPN 
and TPN linked dehydrogenases but were completely unsuc. 
cessful. Hurlock and Talalay (3) reported transhydrogenation 
occurring at a rather slow rate with a 20-fold purified 3a-hy. 
droxy steroid dehydrogenase of rat liver prepared according to 
Tomkins (17). These experiments were repeated by Stein and 
Kaplan (4) who found no increase in the rate of transhydrogens- 
tion when androsterone was added to either the mitochondrial 
or soluble protein fraction of rat liver. In these experiments, 
in which hydrogen transfer from TPNH to the acetyl pyridine 
analogue of DPN was measured, there was no evidence of trans 
hydrogenation via the 3a-hydroxy steroid dehydrogenase. The 
conclusions of Stein and Kaplan were borne out by the experi- 
ments of Bloom (18) who, with slices of rat liver, demonstrated 
that the addition of androsterone or estradiol was without ef- 
fect on transhydrogenation as measured by tritium metabolism. 
The rat liver contains both a 3a-hydroxy steroid dehydrogenase 
and an estradiol-178-dehydrogenase. 

Holzer and Schneider (14), with very high concentrations of 
purified enzyme (0.8 mg per ml), TPN (0.75 umole per mi), 
DPN (16 wmoles per ml), and substrate (6.8 wmoles per mi), 
were able to demonstrate hydrogen transfer by ox liver glu- 
tamic dehydrogenase and to a lesser extent by rabbit muscle 
lactic dehydrogenase. These experiments demonstrate that such 
enzyme systems can be made to catalyze transhydrogenation 
but not that this is one of the normal physiological roles of 
the enzyme. 

The experiments reported here confirm Kochakian’s findings 
that certain tissues of the guinea pig contain two enzymes, both 
of which are 178-hydroxy steroid dehydrogenases, but which 
are located in different cell compartments and require different 
pyridine nucleotides as hydrogen acceptor. The two enzymes 
offer alternate paths for the oxidation of testosterone to andros- 
tendione. The TPN enzyme of the nonparticulate fraction has 
a greater activity per weight of tissue, but under conditions ia 
vivo its rate might be limited by the concentration of oxidised 
TPN. The suggestion that the two enzymes might constitute 
a system for transhydrogenation is rendered unlikely by the 
experiments reported here, for transhydrogenation occurs only 
under contrived, unphysiological conditions. The questions of 
why the guinea pig should have evolved a second 178-hydroxy 
steroid dehydrogenase, and what its physiological significance 
may be, remain unanswered. 

The experiments of Bush and Mahesh (19) with an 116-hy- 
droxy steroid dehydrogenase system of rat liver and of Hagerman 
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and Villee (7) with estradiol and the two estradiol dehydrogen- 
ases of human placenta are other examples of systems in which 
no evidence could be obtained for substrate-mediated transhy- 
drogenation reactions with physiological concentrations of re- 
actants. In these systems, a successful pyridine nucleotide 
transhydrogenation reaction requires that two enzymes, four spe- 
cies of pyridine nucleotides, and the oxidized and reduced forms 
of the substrate must come together in a specific order. Ap- 
parently such a reaction occurs at a detectable rate only at 
very high, unphysiological concentrations of enzymes and re- 
actants. 


Two 178-hydroxy steroid (testosterone) dehydrogenases from 
guinea pig liver and kidney, one specifically requiring diphos- 
nucleotide and the other triphosphopyridine nucleo- 
tide as hydrogen acceptor, have been separated by high speed 
centrifugation and partially purified by ammonium sulfate pre- 
cipitation, adsorption and elution from calcium phosphate gel, 
and by electrophoresis on a starch block. Under conditions in 
which each reaction is freely reversible, a mixture of the two 
ensymes is unable to carry out a steroid-dependent pyridine 
nucleotide transhydrogenation reaction at physiological concen- 
trations of reactants, but can do this at elevated concentrations 
of steroid and nucleotides. 


C. A. Villee and J. M. Spencer 
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Purification and Properties of Xanthine Dehydrogenase 
from Clostridium cylindrosporum* 
W. H. Brapsuawt anp H. A. BARKER 
Department of Biochemistry, University of California, Berkeley, California 
(Received for publication, June 20, 1960) 


Clostridium cylindrosporum ferments xanthine, uric acid, 6,8- 
dihydroxypurine, and other purines (6, 7, 42). The initial at- 
tack on the purine structure occurs by hydrolysis of the bond 
between atoms 1 and 6 of xanthine, forming 4-ureido-5-imidaz- 
ole carboxylic acid (43). Xanthine is the only purine known to 
undergo this hydrolytic cleavage. To be degraded the other 
purines are apparently converted to xanthine (10, 42, 44, 45). 
Thus, uric acid is degraded to nonpurine products by unfrac- 
tionated cell extracts only under conditions favorable for its 
reduction (42, 44). Because of its rapid degradation, the actual 
reduction product has not been identified. 

Uric acid reduction and xanthine oxidation by unfractionated 
extracts of Cl. cylindrosporum have both been attributed to the 
activity of a xanthine dehydrogenase (7, 42). This enzyme may 
also form xanthine from other purines such as hypoxanthine and 
6,8-dihydroxypurine which are degraded by Cl. cylindrosporum 
(7, 42). In some respects the substrate specificity of this en- 
zyme appears to differ from that of milk xanthine oxidase (11, 
21). However, at least a partial purification of the xanthine- 
oxidizing enzyme from Cl. cylindrosporum is required to obtain 
convincing evidence on the identity of its substrates and prod- 
ucts. Therefore, a more thorough study of the clostridial xan- 
thine-oxidizing enzyme was undertaken. 

In this paper a method is described for the purification of the 
enzyme, and data are given on its substrate specificity, on some 
of its chemical and kinetic properties, and on the positions oxi- 
dized or reduced in purine conversions. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Chemicals—Commercially available organic compounds were 
obtained from the indicated sources as follows: guanine, xan- 
thine, inosine, xanthosine, and protamine sulfate from Nutri- 
tional Biochemicals Corporation; hypoxanthine from Schwarz 
Laboratories, Inc.; adenine sulfate hydrate and sodium 2,6-di- 
chlorophenolindophenol from the Eastman Kodak Company; 
2,6-diaminopurine sulfate hydrate from Sigma Chemical Com- 
pany; uric acid (e. p.) from Pfanstiehl Laboratories, Inc.; purine 
(certified pure) and isoguanine sulfate hydrate from the Cali- 


* This investigation was supported in by research grants 
from the National Institutes of Health (E-563), United States 
Public Health Service and by a research contract with the Atomic 
Energy Commission. 

t This work was initiated while the senior author was a predoc- 
toral trainee of the National Cancer Institute. Present address, 


— of Chemistry, Brigham Young University, Provo, 


fornia Corporation for Biochemical Research; 2-hydroxypurin 
(Mann assayed) from Mann Research Laboratories, Ine. 
2-amino-4-hydroxy-6-pteridine aldehyde from the American 
Cyanamid Company; riboflavin from Merck and Company, Ine. 
methylene blue · HCl from the National Aniline Division, Allied 
Chemical and Dye Corporation; methyl viologen from Jacobeos 
van den Berg and Company (London); benzyl] viologen from the 
British Drug Houses, Ltd.; and DPN and TPN from Pabst 
Laboratories. Cytochrome c was obtained from Sigma Chemi- 
cal Company. 

The authors gratefully acknowledge gifts of the following 
compounds: 6,8-dihydroxypurine, 8-hydroxypurine, 6-hydroxy. 
7-methylpurine, 3-methylxanthine, 2-hydroxy-7methylpurine, 
and 6-amino-8-hydroxypurine from Professor H. O. L. Fischer, 
University of California (Emil Fischer collection); 2,8-dihy. 
droxypurine from Professor Adrian Albert, Australian National 
University; 8-azahypoxanthine and 8-azaxanthine from Dr. E. 
L. Bennett, University of California; Weller 
and 7-methylhypoxanthine from Dr. G. B. Elion, Wellcome 
Research Laboratories; xanthopterin from Dr. G. H. Hitchings, 
Wellcome Research Laboratories; and 1-methylxanthine from 
Professor F. Bergmann, Hebrew University, Israel. 

Every purine was tested for contamination with other purine 
by means of paper chromatography (15, 37) and ultraviolet 
absorption spectra. When necessary, compounds were further 
purified by paper chromatography until only a single compound 
could be detected. 

Acetaldehyde and benzaldehyde were purified by distillation 
of commercial products. 

Culture Methods—Clostridium cylindrosporum strain HCI wa 
cultured in the following medium: 0.25% uric acid, 0.1% yeast 
extract, 0.14% K. HPO. 3H O, 50 p.p.m. MgSO,-:7H, 6 p. pn 
- 2H. 0, and 2.5 p. p. m. FeSO,-7H.0 in distilled water (41). 
Before the inoculation of a 20. liter culture, the pH was adjusted 
to 7.3 (phenol red), and sufficient (0.5 to 1.0 g) unsterilised, 
solid NaSO, was added to just decolorize methylene blu 


(30 ml 0.001 M) added as an internal indicator. An actively 
growing 1-liter culture was used as an inoculum. The 20-lite 
cultures were grown at 22-24° for 12 to 14 hours, and harvested 
with a Sharples supercentrifuge when a 1:100 dilution of th 
culture in distilled water had an absorbancy of 0.1 or less st 
290 my. The cells were washed twice in 0.05 m potassium phot 
phate buffer pH 7.5. The yield of wet packed cells was gener 
ally about 0.7 g per liter. Both fresh and lyophilized cells wer 

used as a source of enzyme. Lyophilized cells retain full v 

thine dehydrogenase activity for at least 1 month when stored 

over silica gel at —9°. 
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‘Spectrophotometric Determinations—A Beckman model DU 
spectrophotometer with a photomultiplier attachment was used, 
with the noted exceptions, for determinations of optical density. 
Most of the absorption spectra were determined with a model 
14 Cary spectrophotometer. A 1-cm light path was used for 
all measurements. 

When absorption spectra of compounds eluted from paper 
chromatograms were determined, the reference cuvette con- 
tained eluate from a blank piece of paper. Quantitative esti- 
mation of the various purines and purine derivatives was done 
spectrophotometrically. The identification and quantitative 
estimation of these compounds were based upon ultraviolet 
absorption data obtained from the following sources: hypoxan- 
thine (9, 38), 2-hydroxypurine (38), 8-hydroxypurine (39), 
xanthine (9, 18), 6,8-dihydroxypurine (16, 38), 2,8-dihydroxy- 
purine (38, 49), uric acid (16, 32), 1-methylhypoxanthine (24), 
7-methylhypoxanthine (24, 27), 1-methylxanthine (18, 28), 
3-methylxanthine (18), 7-methylxanthine (18), 8-azahypoxan- 
thine (12), 8-azaxanthine (12, 17), guanine (9, 17), adenine 
(9, 17), 6-amino-2-hydroxypurine (17), purine (8), 2,6-diamino- 
purine (17), inosine (9), 6-amino-8-hydroxypurine (16), xantho- 
sine (9, 18), and xanthopterin (48). 

Ultraviolet absorption spectra of 2-hydroxy-7-methylpurine, 
not found in the literature, are given in Fig. 1. Spectra of the 
enzymatic oxidation products of 1-methylhypoxanthine and 
2-hydroxy-7-methylpurine, believed to be 1-methyl-6,8-dihy- 
droxypurine and 2,8-dihydroxy-7-methylpurine, respectively, 
are given in Figs. 8 and 9 (see below). 

Enzyme Assay—2 ,6-Dichlorophenolindophenol was utilized as 
an electron acceptor in cuvettes open to air. The cuvettes con- 
tained 1.7 mm xanthine, 125 mu potassium phosphate buffer pH 
7.5, and 0.2 mu indophenol in a total volume of 3.0 ml. The 
blank contained 0.1 mm indophenol. The enzyme, appropri- 
ately diluted, was added last to initiate the reaction. The opti- 
cal density was measured at 690 my at 30-second intervals at 
23 + 1°. These assay conditions were adopted after the follow- 
ing points were established. (a) The rate of dye reduction is 
proportional to enzyme concentration within the ranges used. 
(6) The concentration of indophenol is not rate-limiting nor 
inhibitory. (c) The optimal pH for dye reduction is about 
7.5; the relative rates of enzymatic dye reduction with xanthine 
as a substrate at pH 6.5, 7.5, and 9.2 are 45, 100, and 13, respec- 
tively. (d) Xanthine, 1.7 mu, saturates the enzyme. (e) In 
crude extracts the enzyme is stable toward oxygen. The reac- 
tion rate was calculated from the change in optical density be- 
tween 30 and 60 seconds after adding enzyme. A unit of en- 
syme is defined as the quantity that causes an optical density 
change of 0.1 per minute. Specific activity is defined as the 
number of units per mg of protein. Protein was determined by 
the method of Lowry et al. (35) with crystalline bovine serum 
albumin as a standard. 

FAD, Iron, and Molybdenum— The total flavin and FAD con- 
tents of the enzyme were determined fluorometrically by follow- 
ing the procedures of Burch et al. (14) using a Farrand fluorom- 
eter. Riboflavin was used as an internal standard to check the 
reliability of the results. Total enzyme-bound FAD was also 
estimated from the difference in optical density of oxidized and 
sodium hydrosulfite-reduced enzyme, with the value of 11.3 x 
10* cm? per mole for the molar extinction coefficient of FAD (51) 
at 450 mu and pH 7.0. “Molybdenum was determined by the 
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Fie. 1. Spectra of 2-hydroxy-7-methylpurine — 73 * per 100 
ml) at pH 1.0 (HCl), 5.0 (0.05 M sodium acetate), and 12.0 (NaOH). 
The corresponding Emax values are 6.0, 5.7, * 10 cm? per 
mole at 327, 330, and 318 my, 


method of Johnson and Arkley (31) and total iron by the method 
of Kitzes et al. (34). 

Paper Chromatography—The purines or purine analogues were 
generally separated by adapting the technique of Markham and 
Smith (37) in which water-saturated n-butanol plus 5% concen- 
trated NH,OH is the developing solvent (Solvent a) with a 
descending technique with paper strips (Whatman No. 1, 19 XK 
57 cm) and 1 to 3 weeks development time. The solvent was 
allowed to drip from the serrated edge of the paper. Other 
separations required the use of 5% aqueous Na,: HPO. over- 
layered with isoamyl alcohol (15) (Solvent ö) by the ascending 
method, or n-butanol saturated with 10% aqueous urea (Solvent 
c), developed by the descending technique (15). Ultraviolet 
absorbing (quenching) spots were located with the aid of a 
Mineralight lamp (predominant output at 250 to 260 my). R, 
values of the purines in these solvent systems are given in Ta- 
ble I. 

Purification of Clostridial Xanthine Dehydrogenase 
Unless otherwise stated, all operations were carried out at 0°. 
Step 1. Preparation of Crude Extractse—Either lyophilized or 

newly harvested washed cells were used. For lyophilized cells, 
0.5 f dry weight was suspended in 20 ml of 0.05 M potassium 
phosphate buffer pH 7.5, in an evacuated vessel. The suspen- 
sion was incubated at 35° for 1 hour and then centrifuged at 
11,000 x g for 10 minutes. For fresh cells, 1 g wet weight was 
suspended in 3 ml of the above buffer and left for 20 to 30 hours 
at 0° for the cells to autolyze. The autolysate was sonerated 
for 5 minutes at 10 ke to homogenize the viscous material and 
then centrifuged (11,000 X g: 5 minutes). The precipitate was 
washed with about 10 times its own volume of 0.05 M phosphate 
buffer pH 7.5, centrifuged, and the washings combined with the 
crude extract. The half-life of xanthine dehydrogenase activity 
in crude extracts so prepared is about 60 hours at 0°. 
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Taste I 
Ry values of purines 
The solvents and the experimental conditions are described in 
the text. 


Rp value 
Compound 
Solvent a Solvent 6 | Solvent ¢ 

Purine (unsubstituted).......... 0.70 
Hypoxanthine................... 0.13 0.57 
2-Hydroxypurine................ 0.08 
8-Hydroxypurine................ 0.15 0.64 
0.04 0.50 
6,8-Dihydroxypurine............ 0.05 0.47 
2,8-Dihydroxypurine............ 0.02 
0.43 
1-Methylhypoxanthine.......... 0.24 
7-Methylhypoxanthine.......... 0.22 
7-Methyl-2-hydroxypurine....... 0.04 
6,8-Dihydroxy-1-methylpurine*..| 0.09 
7-Methylxanthine............... 0.07 
2,8-Dihydroxy-7-methylpurinef..| 0.02 
8-Azahypoxanthine.............. 0.08 
8-Azaxanthine................... 0.02 


* This compound is the product of the oxidation of 1-methy]-6- 
hydroxypurine by clostridial xanthine dehydrogenase; it was iso- 
lated by paper chromatography (see Table VII). 

t The enzymatic oxidation product of 2-hydroxy-7-methyl- 
purine (see Table VII). 


Step 2. Protamine Precipitation and Elution—To 8 volumes 
of crude extract (~1% protein), 1 volume of 2% protamine 
sulfate was added with rapid stirring. After 10 minutes the 
precipitate was centrifuged (11,000 x g; 5 minutes) and dis- 
carded, and 2 volumes of 2% protamine sulfate were added to 
the supernatant solution which was then kept overnight in an 
ice bath. The resulting chocolate-brown precipitate was cen- 
trifuged and eluted with 2 volumes (cf. crude extract) of 0.1 M 
potassium phosphate buffer pH 7.5, followed by second and 
third elutions with 4 volume of 0.2 M phosphate buffer pH 7.5. 
All eluates were assayed and, when profitable, combined. 

Step 3. Ammonium Sulfate Precipitation—To each 100 ml of 
protamine eluate (~1% protein) 21.2 g of ammonium sulfate 
crystals (~30% saturation) were slowly added with rapid stir- 
ring. After centrifugation (11,000 x g; 5 minutes) additional 
precipitates were collected at about 45, 55, 60, and 65% satura- 
tion by adding 10.5, 7.1, 3.5, and 3.5 g of ammonium sulfate, 
respectively. Immediately after each centrifugation, the pre- 
cipitates were dissolved in a few ml of 0.1 m potassium phos- 
phate buffer pH 7.5. The bulk of the activity precipitated be- 
tween about 45 and 65% saturation; fractions with the highest 
specific activity were obtained at 55 to 60% saturation. The 
activity yield in this step varied from 33 to 58%. 

Step 4. Dialysis and Elution from Resulting Protamine Pre- 
cipitate—Ammonium sulfate fractions from Step 3 were com- 
bined and dialyzed against 0.002 x KHCO, at 4°. After about 
3 to 4 hours a chocolate-colored precipitate formed. This ap- 
peared to consist mainly of protamine on which enzyme was 
absorbed. The precipitate was washed with a few ml of 0.05 
M potassium phosphate buffer pH 7.5, and then the enzyme was 
eluted with a few ml of 0.1 m phosphate buffer pH 7.5. The 
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colorless supernatant dialysis solution and precipitate washings 
were devoid of activity. 

Step 6. Calcium Phosphate Gel Column Adsorption and Ely. 
tion—Calcium phosphate gel was prepared according to the 
method of Tiselius (50), and a 21-mm diameter x 30-mm high 
column was prepared. Fractions from either Step 3 or 4 were 


used. The fraction from Step 3b (45 to 55%) was first mixed 


with 0.1 volume of calcium phosphate gel (110 mg dry weight 
per ml) and centrifuged (11,000 x g; 5 minutes), presumably 
to remove residual protamine, and the supernatant solution was 
diluted with 2 volumes of distilled water and mixed with 05 
volume of gel; if all activity was not adsorbed, more gel was 
added. The enzyme from Step 4 was diluted with 2 volumes of 
distilled water and mixed with 0.5 volume of gel. In either case, 
the gel was allowed to settle and most of the supernatant liquid 
was discarded. A slurry of the gel containing the adsorbed 
enzyme was added to the top of the calcium phosphate column, 
which was then washed with 0.1 M potassium phosphate buffer 
pH 7.5. Activity was eluted with 0.2 m phosphate pH 7.5 as 
an orange band; four or five fractions of 0.5 to 1.0 ml were col- 
lected and assayed, and the appropriate fractions were com- 
bined. 
RESULTS 

Results of Purification—Typical data obtained by following 
this procedure are given in Table II. The quality and quantity 
of protamine sulfate were found to influence certain steps in the 
purification procedure. The initial protamine precipitation of 
activity in Step 2 seems to occur more readily with some prota- 
mine preparations than with others, as does the subsequent 
elution. Removal of protamine is apparently required to ob- 
tain purification on calcium phosphate gel. This is accom- 
plished in Step 4 or 5a (calcium phosphate gel column adsorp- 
tion and elution of the 45 to 55% fraction). The ammonium 
sulfate step results in the loss of considerable activity, indicating 
possible extensive enzyme destruction or removal of some co- 
factor. 


Properties of Enzyme 
Stability—The effects of temperature, oxygen, and pH upon 
the retention of enzyme activity were studied under various 
conditions. Purified preparations of xanthine dehydrogenase 


TABLE II 
Purification of zanthine dehydrogenase 
Step Fraction Volume | potatoes Specific Yield 
mi units mg 1 % 
1 | Crude extract 400.0 111,000 5800 19 (100) 
2 Protamine eluate 120.0 102, 000 1440 71 | 92 
3 | (NH,):SO, precipita- 
tion 
(a) 55-65% 15.6 | 28,900 | 135 | 214 28 
(b) 45-55% 10.5 | 25,800 | 284 91 | 24 
4 | Dialysis and elution | 6.0 21, 100 89 | 237 19 
of 3a 
5 Ca: (PO): gel column 
(a) From Step 36 0.6 5,600; 11 | 500 §.1 
(6) From Step 4 1.0 7,400 13.3 550 6.7 
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Fic. 2. Absorption spectra of purified xanthine deh 
A shows spectra of the ensyme in the oxidized state and after re- 
duction by xanthine. Ensyme solution (0.7 ml) (500 units per 
mg protein; 2.5 mg protein per ml) containing 0.07 u potassium 
phosphate pH 7.5 was placed in a 1-ml cylindrical cuvette fitted 
with a serum bottle stopper. The cuvette was alternately evacu- 
ated and charged three times with Nz by means of a syringe needle 
inserted through the stopper. After determination of the spec- 
trum of the oxidized enzyme, 0.1 ml of 0.01 M xanthine was added 
through the stopper and the substrate-reduced spectrum was de- 
termined after 5 minutes, with a Beckman spectrophotometer. 
Suitable corrections were made for dilution on addition of the 
substrate. B shows the difference spectrum (oxidized minus re- 
duced) of the enzyme and the absorption spectrum of flavin ade- 
nine dinucleotide (FAD). O, enzyme; @, FAD 


retain full activity for about 3 months when stored at 0°. Free- 
ing and storage for a day or more at —10° generally results in 
the loss of about 30% of the activity. The enzyme may be ex- 
posed to sodium acetate buffer pH 5.5 for 20 minutes at 0° with- 
out significant reduction in activity. After 24 minutes at 55°, 
crude extract retains about 32% of its activity. Full activity 
is retained by crude extracts subjected to 20 minutes aeration 
or oxygenation. 

Absorption Spectra—The absorption spectra of the oxidized 
and reduced forms of a highly purified preparation of clostridial 
xanthine dehydrogenase are shown in Fig. 2A. The difference 
spectrum (oxidized minus reduced spectrum, Fig. 2B) clearly 
shows the 450 my flavin peak which corresponds to the maxi- 
mum at 450 my in the oxidized spectrum. There are shoulders 
in the difference spectrum at about 380 mu and 420 my. The 
latter corresponds to the maximum at 429 my in the oxidized 


spectrum. 

FAD, Molybdenum, and Iron—FAD was estimated on 0.2 ml 
of enzyme solution (140 units per mg of protein; 3.2 mg of pro- 
tein per ml) to which was added 0.8 ml of cold 5% trichloro- 
acetic acid to separate the prosthetic group from the protein. 
Part of the supernatant solution was used for an immediate 
determination of fluorescence, and another sample was incubated 
in the dark for 22 hours at 37° to convert FAD to flavin mono- 
nucleotide. From the resulting increase in fluorescence, the 
total flavin and FAD contents of the sample were estimated. 
The total flavin was found to correspond to 0.053% of riboflavin. 
At least 90% of the total flavin was initially present as FAD. 
This coenzyme is probably the prosthetic group of clostridial 
xanthine deh 

The flavin, molybdenum, and i iron contents of some purified 
enzyme fractions are given in Table III. The data show that 
there are 2.4 to 3.3 moles of flavin and 8.2 to 8.6 atoms of iron 


per atom of molybdenum. The ratio of activity units to molyb- 
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Taste III 
Iron, molybdenum, and flavin contents of purified enzyme 


Flavin: Mo, moles/mole. .. .. .. 
Activity, units/ml.............. 
Activity: Mo, 10 units/umole. . 
Protein, mg/ml................ 
= activity, units/mg pro- 


* Total flavin was determined from the difference in optical 
density at 450 my between the oxidized and Na, S, O. redueed en- 
zyme. 


denum content is not constant in the different 

contrast to the observations of Westerfeld et al. — 
xanthine oxidase. This ratio does not increase with purification. 
Since the increase in the fla vin to molybdenum ratio seems to be 
associated more closely with the age of the preparations than 
with their specific activities, it is possible that molybdenum is 
more readily lost than flavin. The flavin is rapidly reduced upon 
the addition of xanthine, indicating its participation in electron 
transfer. Although iron and molybdenum are present in puri- 
fied preparations, we have no evidence that they are essential 
components of the enzyme. 

Substrate Specificity—The compounds listed in Tables IV and 
V were tested as oxidizable substrates for the purified enzyme. 
The dye reduction method was used with all substrates, except 
DPNH and TPNH, which were tested with O, as the oxidant. 
All the compounds listed in Table IV, except adenine, are oxi- 
dized at a significant rate by enzyme preparations with a 
specific activity of 150 to 450 units per mg, and they are prob- 
ably substrates of the xanthine dehydrogenase. The compounds 
listed in Table V are oxidized relatively slowly, if at all, even at 
high enzyme concentrations. Some of these compounds, par- 
ticularly 2,8-dihydroxypurine and DPNH, may be substrates 
of the xanthine dehydrogenase, but the rates of oxidation are 
too slow to establish this with certainty. 

The compounds listed in Table VI have been tested quantita- 
tively as electron acceptors in the oxidation of xanthine by the 
dehydrogenase. Ferricyanide and 2,6-dichlorophenolindophe- 
nol are good oxidants. Two other dyes, methylene blue and 
methylviologen, also have been shown in qualitative tests to 
serve as oxidants. Cytochrome c and oxygen react at much 
lower but apparently significant rates with the enzyme. The 
rates of reduction of these compounds were found to vary con- 
siderably with different enzyme preparations. The most active 
preparation in the reduction of cytochrome c and oxygen gave 
rates that were 9% and 40%, respectively, of that observed 
with indophenol. Uric acid, 6,8-dihydroxypurine, and xanthine 
have been shown to serve as electron acceptors for the oxidation 
of reduced methylviologen or other purines (see below). 

Kinetic Properties Table IV gives the Michaelis-Menten 
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IV 
Kinetic constants of substrates 

The reaction rates were measured by the indophenol reduction 
method in open 1.0-ml cuvettes (30-second intervals, 600 my, 22°). 
The cuvettes contained 85 umoles of potassium phosphate pH 7.5, 
0.06 wmole of 2,6-dichlorophenolindophenol, substrate within the 
indicated concentration range, and the indicated units of enzyme 
in a volume of 1.0ml. Rate was measured by the change in optical 
density between 30 and 60 seconds after addition of the enzyme. 
The kinetic constants were obtained in the usual way from a plot 
of 1/V against 1/S where V is the A optical density per minute and 
S is the mm substrate concentration (34a). The relative Vmax 
values were obtained by dividing the observed Vx per unit of 
enzyme by the corresponding value for xanthine and multiplying 


TaBLe V 
Oxidation rates of possible substrates 


The reaction mixtures contained 100 wmoles of potassium phos. 
phate pH 7.5, 0.04 umole 2,6-dichlorophenolindophenol, and the 
indicated amounts of enzyme and substrate in a volume of 10 
ml. The change in optical density was measured at 600 my ex- 
cept as otherwise indicated, and the rate was taken as the differ- 
ence between the 0.5 and 1.0 minute readings. The DPNH and 
TPNH reaction mixtures did not contain indophenol; dissolved 
O: was utilized as the acceptor and the changes in optical density 
were followed at 340 ma. The absolute rates were calculated from 
the observed changes in optical density and the AE values of 30 x 
10° cm? per mole at 600 ma for indophenol (1) and 6.22 X 10 em? 
per mole at 340 ma for reduced DPN or TPN (50a). The xanthine 


by 100. oxidation rate was that found using 3.3 uwmoles per ml. 
* Concentration En. ade k. wwe Compound Amount | Enzyme added | Absolute | Relative 
wmoles | wnits 10 
mM units 0.01° mM 6-NH;-8-OH 
? -purine.....| 4.3 133 2.2 4 0.03 
Xanthine F 046-0. 0.4 4.5 0.16 100 2,6-(NHz2)2-purine.......| 4.0 15 | 3.5 3 0.20 
. 01 0.028 0.4 4.5 0.04 10 2,8-(OH):-purine........ 5.0 225 1.5 50 0.22 
1-Methylxanthine....... 007-0.096 0.8 4.2 0.17 100 Inos ine 1.0 10 5.0 0 0 
8-Azahypoxanthine 10 0.5 0.80.5 0.11) 50 3.CH)-xanthine......... 0.5 10 5.0 3 0.3 
Xanthopterin........... 2.0 75 2.2 1.3 0.02 
6. S- Dihydroxypurine 0.04 -0.8 1.64.5 0.42 30 Lanthosine 3.0 40 12 0 0 
2-Hydroxypurine........ 18 -0.9 3.24.5 0.8 30 | 
Hypoxanthine........... 0 -15.0 5.01.5 10.0 | 25 PDPNH.................. 0.09 | 43 | 5.0 10 0.44 
. 35 5.8 8.0 4.5 15.0 27 D 0.08 43 | 5.0 8 0.19 
7-Methylhypoxanthine . 0.05 -1.0 8.0 4.5 1.2 17 . a. = specific activity. 
2-Hydroxy-6-aminopu- t Xanthine = 100. 
o 3 2.0 16.0 4.5 10.0 17 
1-Methylhypoxanthine. 0.05 O. 18 16.0 4.2 15.0 8 
8-Hydroxypurine........ 5 -5.0 16.0 | 4.5 | 10.0 7 
Acetaldehyde........... 1.0 -8.5 16.0 | 4.5 | 35.0 7 
Benzaldehyde........... 1.0 8.5 16.0 4.5 14.0 7 Taste VI 
2-Hydroxy -7-methylpu- Electron acceptors in oxidation of zanthine 
D 05 0.18 16.0 4.2 7.0 6 Each reaction mixture contained 0.5 umole of xanthine, 100 
D i an A 17 1.0 30.0 2.2 0.6 3 umoles of potassium phosphate pH 7.5, and the indicated amounts 
ccc) cp es wee odes 1.2 -5.0 70.0 2.2 3.0 1 of enzyme (specific activity, 500) and electron acceptor in a vol- 
ume of 1.0 ml. Readings of optical density were taken at 0.5- 


*s.a. = specific activity. 


constants, K., and relative V,,.. values for various substrates, 
determined by the indophenol reduction method. Typical ex- 
perimental data, used for determining these values for xanthine 
and 1-methylxanthine, are graphed in Fig. 3, according to the 
method of Lineweaver and Burk (34a). Data on the oxidation 
rates of some other possible substrates are given in Table V. 

The kinetic data show that xanthine, 1-methylxanthine, and 
8-azahypoxanthine have the highest affinities for the enzyme and 
the highest oxidation rates. Purine, hypoxanthine, 2-hydroxy- 
purine, and 6,8-dihydroxypurine are oxidized at 25 to 30% of 
the maximal rate for xanthine. All other compounds tested 
are oxidized more slowly. 

The maximal rate of oxidation of various purines is markedly 
dependent upon the type, extent, and position of substitution. 
Mono- or dihydroxypurines with a reduced 8-position consist- 
ently show an oxidation rate which is much higher than that of 
similarly substituted purines with an oxidized 8-position. Thus, 
xanthine is oxidized 3.3 times more rapidly than 6,8-dihydroxy- 
purine; 2-hydroxypurine and hypoxanthine are oxidized 4.3 and 


minute intervals. The optical density of the blank cell was ad- 
justed so that the readings of optical density were below 1.0. 
The following wave lengths and AE values were used: ferricyanide, 
1.0 X 10% cm? per mole at 420 my; cytochrome c, 19.1 X 10* em? 
per mole at 550 ma (50a); uric acid, II. I X 10° em! per mole at 
290 my (32a), used with O:; DPN, TPN, and indophenol as indi- 
cated in Table IV. DPNH and TPNH oxidase activities, under 
conditions similar to those used to measure the utilization of 
DPN or TPN as electron acceptors, were 1.9 X 10-* and 8 X 10 
umoles per minute per ml, respectively. 


Acceptor Amount Enzyme 
xanthine/ml/ 
min X 

Ferricyan ide. 3.0 2.15 62.0 282.0 
Indo phenol 0.05 0.86 8.7 99.0 
Indophenol 0.05 2.15 22.0 100.0 
Cytochromec.......| 0.1 4.3 1.1 2.5 
Oxygen (dissolved) . . 43.0 16.0 3.6 
r 0.12 43.0 0 <0.44 
A 0.33 43.0 0 <0.2 
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Fic. 3. Lineweaver-Burk plots showing the effect of xanthine 
or 1-methylxanthine concentration on the rate of indophenol re- 
duction. In a total volume of 1.0 ml, each cuvette contained 85 
ymoles of potassium phosphate pH 7.5, 0.06 umole of indophenol, 
and the number of moles of xanthine or 1-methylxanthine indi- 
cated by the reciprocals on the abscissa. The reaction was started 
by the addition of enzyme: 0.4 unit (specific activity 455) with 
xanthine, and 0.8 unit (specific activity 420) with 1-methylxan- 


thine. V is defined as the change in optical density X 10 (600 ma; 
seconds. 


22°) between 30 and 60 


3.6 times more rapidly, respectively, than 8-hydroxypurine. 
Similarly, 2-hydroxy-6-aminopurine is oxidized readily, whereas 
6-amino-8-hydroxypurine is virtually inert. With these com- 
pounds, the amino group in the 6-position evidently depresses 
the rates of oxidation much below those of the corresponding 
dihydroxypurines. The two amino groups in 2,6-diaminopurine 
almost completely suppress oxidation in the 8-position. In the 
absence of any substituent, purine is oxidized about as readily 
as 2- or 6-hydroxypurine. An N-methyl substituent shows 
varying effects: in the 1-position of xanthine, no effect is found; 
in the 1- or 7-position of certain monohydroxypurines, 30 to 80% 
inhibition is found; and in the 3-position of xanthine, complete 
inhibition of oxidation is found. A ribosyl group on the 9-posi- 
tion completely suppresses oxidation of the purine moiety of 
inosine and xanthosine. The fact that 8-azahypoxanthine and 
aldehydes are oxidized indicates the nonessential nature of the 
purine ring per se. 

The Lineweaver-Burk plot of the kinetic data for xanthine in 
Fig. 3 shows an anomalous pattern. The slope of the curve 
changes rather abruptly at a xanthine concentration of about 
0.03 mu. This pattern has been confirmed in several additional 
experiments. From each linear section of the graph, it is possi- 
ble to calculate a different set of K. and F., values. Both 
values are given in Table IV. An explanation of the anomalous 
pattern for xanthine must also account for the failure of 1-meth- 
ylxanthine to exhibit a similar pattern (see Discussion“). 

Inhibition by Purines and Purine Analogues—The indophenol 
reduction method was used to obtain kinetic data on the in- 
hibition of xanthine oxidation by several compounds. A plot 
of reciprocal velocity against reciprocal substrate concentration 
at several inhibitor concentrations showed that 2-hydroxy-6- 
aminopurine is competitive with xanthine, the average K. value 
being 2.2 x 10-? M. A similar analysis of data obtained 
by the use of adenine or 8-azaxanthine as inhibitors showed 
that the inhibition by these compounds is intermediate between 
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Fic. 4. Inhibition of xanthine oxidation by 2-amino-4-hydroxy- 
6-pteridyl aldehyde. Each cuvette contained 125 smoles of potas- 
sium phosphate buffer pH 7.5, 0.2 umole of indophenol, and the 
indicated reciprocal wmoles of xanthine in a volume of 3 ml. The 
inhibitor concentration was approximately 2 X 10-7 mu. The reac- 
tion was started by the addition of 1.6 units of enzyme (specific 
activity 130). The units of V are given in Fig. 3. 


the competitive and noncompetitive types. The K. values were 
estimated to be 1.0 x 10-* M and 5.6 x 10-* M for adenine and 
8-azaxanthine, respectively. Guanine, 2,6-diaminopurine, and 
uric acid, at concentrations of 1 to 3 mu, do not significantly 
inhibit xanthine oxidation, but 2-amino-4-hydroxy-6-pteridylal- 
dehyde is a powerful inhibitor at a concentration as low as 2 X 
107 M (Fig. 4). 

Positions Oxidized and Reduced—The products of aerobic 
oxidation of certain purines and 8-azahypoxanthine were deter- 
mined in order to identify the substrate sites of enzyme action 
and the pathways of purine oxidation by the dehydrogenase. 
The data presented in Table VII show the directing effect of the 
substituents upon the point of oxidative attack. Unsubstituted 
purine is oxidized mainly, if not solely, in the 8-position, giving 
8-hydroxypurine. The latter compound is oxidized slowly in 
the 6-position to give a small accumulation of 6,8-dihydroxy- 
purine. This is the only example of oxidation in the 6-position 
so far observed with this enzyme. No 2,8-dihydroxypurine 
could be detected as a product of 8-hydroxypurine oxidation. 
It should be noted that 2,8- and 6,8-dihydroxypurine can be 
clearly distinguished by differences of R. in Solvent a (Table I) 
and by differences in their absorption spectra. Also if 2,8-di- 
hydroxypurine were formed, it would accumulate, since it is 
oxidized much more slowly than 8-hydroxypurine. Hypoxan- 
thine is oxidized to 6,8-dihydroxypurine which accumulates in 
only small yield because it is readily oxidized further to uric 
acid. Xanthine could not be detected as a product at any 
stage of this oxidation, possibly because it is oxidized even 
more rapidly than 6,8-dihydroxypurine. A special experiment 
showed that when a little xanthine (~3% of the total purine) 
was initially added with hypoxanthine, the simultaneous oxida- 
tion of the two competing substrates resulted in the disappear- 
ance of xanthine and the accumulation of 6,8-dihydroxypurine 
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Tan VII 
Oxidation products of purines and purine analogues 

Except with hypoxanthine, the reaction mixtures contained 10 
umoles of the purine, 0.15 mg of benzyl viologen, 100 umoles of 
potassium phosphate pH 7.5, and 840 units of enzyme in a volume 
of 1.2 ml. The mixtures were incubated for 105 minutes at 37° in 
50-ml open Erlenmeyer flasks with sufficient shaking to keep the 
benzyl viologen oxidized. The hypoxanthine reaction mixture 
differed in containing 25 moles of hypoxanthine, having a total 
volume of 1.05 ml. and being incubated for 30 minutes. After in- 
cubation the mixtures were heated to 100° for 3 minutes, and a 
portion was streaked on Whatman No. 1 filter paper for chroma- 
tography. The solvent and type of development used are indi- 
cated for each reaction mixture as follows. (a) Water-saturated 
n-butanol plus 5% concentrated NH.OH (37) with descending de- 
velopment for 1 to 3 weeks at room temperature; the solvent was 
allowed to drip from the serrated bottom edge of the paper. (b) 
Five per cent aqueous solution of NasHPO, saturated and over- 
layed with isoamyl alcohol (15), developed by the ascending tech- 
nique. (c) n-Butanol saturated with 10% aqueous urea developed 
by the descending technique. The Rp values are given in Table I. 
The paper strips containing isolated purines were eluted with 
0.002 NH. OH, and spectra were obtained at appropriate dilu- 
tions and pH values. 


Chromat- 
Purine or analogue oxidized cgraphic Product isolated Amount 
pmoles 
2,6-(OH)s(xanthine)..... b 2, 6, 8-(OH), (urie acid) | 10.0 
S-Azsahypoxanthine 4 8-aza-2,6-(OH)>: 10.0 
6, 8- (OH)) b 2,6,8-(OH);(urie acid) | 10.0 
a 2,8-(OH): 10.0 
6-OH (hypoxanthine)....| a,b | 6,8-(OH): 0.94 
Purine (unsubstituted) e 8-OH 5.4 
a,b 6, 8-(O H), 0.3 
6-OH-7-CHs............. a 2,6-(OH)2-7-CH; 9.8 
6-OH-1-CHs............. a 6,8-(OH):-1-CH; 5.0 
2-OH-7-CHs............. a 2,8-(OH)2-7-CH; 9.7 


4 1 


240 


260 

Fic. 5. Oxidation product of 1-methylhypoxanthine. Approxi- 
mately 0.5 ml of the reaction mixture was chroma hed on 
paper and eluted as described in Table VII. After dilution of the 
eluate to 30 ml, absorption spectra were determined at pH 5 
(0.05 M sodium acetate) and pH 12 (NaOH) using a control eluate 
in the blank cell. The amount of product was estimated with the 
use of an arbitrary value of 12 X 10° cm* per mole for the extinction 
coefficient at 256 my and pH 5. 
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equivalent to about 2% of the total purine. This would be ez 
pected in view of the lower K. and higher V. of xanthine 
Nevertheless, it is probable that a substantial fraction of the 
hypoxanthine i is initially oxidized in the 8-position. 2-Hydroxy. 
purine is oxidized almost quantitatively to 2 ,8-dihydroxy purine, 
Again no xanthine could be detected as a product and, in viey 
of the high yield of 2,8-dihydroxypurine, very little, if any, 
xanthine can have been formed. 6,8-Dihydroxypurine and 
2,6-dihydroxypurine (xanthine) are both oxidized quantitatively 
to uric acid. 

The products of the enzymatic oxidation of the N- methyl 
purines were identified by their spectra after isolation of the 
compounds by paper chromatography. The product of oxide. 
tion of 6-hydroxy-7-methylpurine had an absorption spectrum 
virtually identical with that of 7-methylxanthine (Amex, 268 mg 
at pH 6 and 290 mu at pH 11; Amin, 240 at pH 6 and 256 at pH 
11 (18, 28)). The spectrum of the product of 1-methylhypoxap. 
thine (1-methyl-6-hydroxypurine) oxidation (Fig. 5) was quite 
different from that of 1-methylxanthine (As, 243 my and 275 
my at pH 11, and 268 mu at pH 4.2; Ania, 259 mu at pH 1 
(18, 28, 38)) but was very similar to that of 6,8-dihydroxy. 
purine (Amex, 257 mu at pH 5 with a shoulder at about 280 my, 
and 271 mu at pH 12). It was concluded that the oxidation 
product was 1-methyl-6,8-dihydroxypurine. The spectrum of 
the oxidation product of 2-hydroxy-7-methylpurine (Fig. 6) was 
very different from that of 7-methylxanthine, since the main 
absorbancy peak at all pH values was between 310 and 320 mg. 
Since 2,8-dihydroxypurine has a similar spectrum (A., 2% 
and 310 my at pH 5.1, and 262 and 306 ma at pH 10 (38)), it 
was concluded that the oxidation product was 2, 8-dihydroxy-7. 
methylpurine. 

The results obtained with some N-methyl] purines indicate 
that the position of the methyl group markedly influences the 
site of oxidation. 1-Methylhypoxanthine, like hypoxanthine, 
is oxidized mainly, if not exclusively, in the 8-position, whereas 
7-methylhypoxanthine is oxidized mainly in the 2-position. 
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Fig. 6. Oxidation product of 2-hydroxy-7-methylpurine. Ap 
proximately 0.5 ml of the reaction mixture (see Table VII) wa 
chromatographed and the strips, including a control, were eluted. 
Dilutions to 25 ml were made for the pH 2 (HCl) and pH 2 
(NaOH) spectra, and to 27.5 ml for the pH 5 (0.05 m sodium ace 
tate) spectrum. The quantity of product was estimated using 10 
— ee 10 cm* per mole at pH 5 

17 mp. 
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However, a methyl group in the 7-position does not entirely 
prevent oxidation of the adjacent 8-position, since 2-hydroxy-7- 
methylpurine is converted mainly to 2,8-dihydroxy-7-methyl- 
purine. No evidence of oxidation in the 6-position could be 


obtained. 

§-Azahypoxanthine is oxidized rapidly in the 2-position, the 
only one available for oxidation. 

The ability of bacterial xanthine dehydrogenase to cause 
reversible oxidation-reduction reactions under anaerobic condi- 
tions was investigated by incubating one or two purines with the 
enzyme in the presence of a catalytic amount of a viologen dye. 
Since the resulting reactions were relatively slow, rather high 
ensyme levels were used in these experiments. The experi- 
mental results are given in Table VIII. Both xanthine (Experi- 
ment 1) and 6,8-dihydroxypurine (Experiment 2) undergo an- 
aerobic dismutations; they are reduced to hypoxanthine and 
oxidized to uric acid. In addition, 6,8-dihydroxypurine is con- 
verted to xanthine. Under these conditions, 6,8-dihydroxy- 
purine reacts about 7 times faster than xanthine. 

The reaction mixtures to which 2-hydroxypurine was added 
in addition to either xanthine (Experiment 3) or 6,8-dihydroxy- 
purine (Experiment 4) gave about the same yields of hypoxan- 
thine as in the absence of 2-hydroxypurine. In addition, a 
substantial oxidation of 2-hydroxypurine to 2,8-dihydroxy- 
purine occurred. In Experiment 3 it is not clear why the 
amount of 2-hydroxypurine oxidized is so much greater than 
the apparent sum of the reduced products. Possibly a reduc- 
tion product, such as unsubstituted purine, has been overlooked. 
The mixture of 6,8-dihydroxypurine and 2-hydroxypurine pro- 
duced a small amount of 8-hydroxypurine, the origin of which 
is uncertain. The most direct route would be a reduction of 
either 6,8- or 2,8-dihydroxypurine. However, neither 6,8-di- 
hydroxypurine alone (Experiment 2) nor 2,8-dihydroxypurine 
in the presence of hydrosulfite (Experiment 6) is reduced to 
8-hydroxypurine. Another possibility would be a reduction of 
2-hydroxypurine to purine, and oxidation of the latter in the 
8-position. Further study of this problem is needed. 

Uric acid is reduced enzymatically to xanthine by either hy- 
drosulfite t 5) or 2-hydroxypurine (Experiment 7). 
The latter compound is oxidized to 2,8-dihydroxypurine, but 
the amount formed has not been determined. 


Purified clostridial xanthine dehydrogenase appears to resem- 
ble other xanthine-oxidizing enzymes in several chemical prop- 
erties. Its absorption spectrum is similar to that of the milk 
(5, 20, 30, 36, 47) and mammalian liver enzymes (33). The 
flavin is FAD as in these enzymes (3, 5, 33) and the chicken 
liver enzyme (52). Molybdenum and iron (3, 33, 36, 47) occur 
in purified fractions of clostridial enzyme, but they are not 
known to be essential for activity. Like other xanthine oxidis- 
ing enzymes, the clostridial enzyme oxidizes a wide range of 
substrates which includes several natural and synthetic purines, 
and both aromatic and aliphatic aldehydes. 

The kinetic data for xanthine oxidation are consistent with 
substrate activation of the enzyme. A complex kinetic equa- 
tion, i.e. one derived for fumarase (2a), may be applied. Such a 
mechanism involves two sites on the enzyme for the binding of 
substrate molecules; binding of substrate at one site leads to 
substrate oxidation, whereas binding at the other site causes 
activation at the first site. It is also possible that two activities 
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Tant VIII 
Anaerobic purine transformations 

In Experiments 1 to 4 the reaction mixtures contained 100 moles 
of potassium phosphate pH 7.5, 0.15 mg of benzyl viologen, 840 
units of enzyme, 0.2 mg of Na:S:0,, and 10 umoles of total purine 
(5 moles each when two purines were added) in a total volume of 
1.2 ml. The reaction mixtures were drawn into tuberculin syr- 
inges so as to exclude air and were incubated at 37° for 2 hours. 
The reaction mixtures of Experiments 5 to 7 differed from the 
others in containing 0.1 mg of methyl viologen in place of benzyl 
viologen and in having a volume of 1.4 ml; in Experiments 5 and 
6, 1320 units of ensyme were used and in experiment 7, 560 units. 
In Experiment 5, the reaction mixture was incubated for 20 min- 
utes at 23°, and three additions of 0.12 ml of 2% Na:S@, were 
made after 0, 7, and 14 minutes. In Experiment 6, the reaction 
mixture was incubated for 50 minutes at 23° with the addition of 
another 1320 units of enzyme after 20 minutes and 0.06 ml of 2% 
NaS, every 10 minutes. Under these conditions, without en- 
symes, Na;S,0, will not reduce these purines. In Experiment 7, 
the incubation lasted 3 hours at 23°. All reactions were 
by heating the reaction mixture for 3 minutes at 100°. After 
centrifugation, aliquots of the supernatant solution were streaked 
on Whatman No. 1 paper and chromatographed as indicated in 
Table I. In Experiments 2 and 4, no 6,8-dihydroxypurine was 
found after the reaction. 


graphed hydroxylated) 
pmoles pmoles 
1 2, 4.2 6 0. 13 
2,6 2.2 
2,6,8 0.14 
2 6,8 3.9 6 0.90 
2,6 1.2 
2,6,8 0.97 
3 2,6 +2 4.2 2 1.2 
6 0.13 
2,6 1.3 
2,8 1.0 
4 6,8 +2 4.2 2 0.4 
6 0.8 
8 0.2 
2,6 0.6 
2,8 1.4 
5 2,6,8 ＋ NaS:0.| 5.0 2,6 2.0 
6 2,8 + NaS, 5.0 ,8(unre- ~5 
acted) 
7 2,6,8 +2 10.0 2,6 1.1 


are present (2). In either explanation, 1-methylxanthine must 
be assumed to behave quite differently from xanthine in its 
binding at the second site or activity, since the oxidations of 
these two substrates exhibit different kinetic patterns. 

The inhibition data for adenine and 8-azaxanthine may also 
be interpreted as evidence for the presence of secondary groups 
or sites which exert an influence on substrate turnover at the 
catalytic site. Substrate or inhibitor molecules may be bound 
at both the primary and secondary sites, the characteristics of 
binding depending upon the molecular structure of the site as 
well as of the molecules bound. Thus, it is possible that in- 
hibitor molecules may be bound at both the active and second- 
ary sites, changing both V. and XK. values in the oxidation 
of xanthine. 
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numbers adjacent to the arrows give relative Vmax values for the 


There are some differences between the clostridial and milk 
enzymes in the action of inhibitors. Adenine and guanine (19, 
53), 6-amino-2-hydroxypurine and 2,6-diaminopurine (53), and 
uric acid (19, 23) are reported to be inhibitors of milk xanthine 
oxidase. Adenine and 2,6-diaminopurine give a competitive 
type of inhibition for milk enzyme (54). 8-Azaxanthine is at 
best a weak inhibitor of milk xanthine oxidase (25). Clostridial 
enzyme shows an apparent competitive inhibition with 6-amino- 
2-hydroxypurine, and it is inhibited by adenine and 8-azaxan- 
thine, but not significantly by guanine, 2,6-diaminopurine, or 
uric acid. The characteristic inhibition of dye reduction by 
xanthine or hypoxanthine in higher concentrations, exhibited 
by milk (23, 29) and chicken liver enzymes (40, 46), is absent in 
clostridial enzyme. 

The clostridial enzyme and other xanthine-oxidizing enzymes 
differ with respect to their substrate specificities. Clostridial 
enzyme oxidizes certain N-substituted purines which milk or 
mammalian liver enzyme cannot oxidize, namely 1-methy!l- 
hypoxanthine and 7-methylhypoxanthine (11, 13). Xanthine 
oxidase from a Pseudomonas species can attack the latter purine 
and also 3-methylxanthine (22) which is oxidized very slowly, 
if at all, by the clostridial enzyme. Unlike milk enzyme (4, 20, 
36), the clostridial enzyme has little or no DPNH oxidase ac- 
tivity. 

The clostridial enzyme also differs from other xanthine-oxi- 
dizing enzymes with respect to the preferred position of oxida- 
tion of the purine structure. Both rate measurements and 
product identification indicate that in the absence of complicat- 
ing factors the clostridial enzyme attacks the 8-position most 
readily. This is most clearly shown with purine which is oxi- 
dized first to 8-hydroxypurine, and with uric acid which is re- 
duced mainly, if not exclusively, to xanthine. Both 2- and 
6-hydroxypurine are oxidized in the 8-position. When only the 
2- or 8-position is open for oxidation, as in 6,8-dihydroxypurine 
or xanthine, the 8-position is oxidized about 3 times faster than 
the 2-position. By contrast, the milk and mammalian liver 
enzymes oxidize purine first in the 6-position and then in the 
2-position; the oxidation of xanthine and 6,8-dihydroxypurine 
by these enzymes occurs at nearly equal rates (11, 19). Milk 
enzyme oxidizes adenine in the 8-position (55), but not hypoxan- 
thine to a significant extent (11). 

Certain purines undergo a dismutation type of reaction under 
anaerobic conditions with clostridial or milk enzyme. The 
latter has been reported to convert xanthine to hypoxanthine 
and uric acid (26, 52). Clostridial enzyme catalyzes a dismuta- 
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tion of both xanthine and 6,8-dihydroxypurine, the latter being 
considerably more rapid. It should be noted that the dismuts. 
tion reactions are relatively slow with purified xanthine dehy. 
drogenase, probably because of difficulties in transferring ele. 
trons from one enzyme-substrate complex to another. The rate u 
dismutation is markedly increased by the addition of a viologey 
dye, but to obtain a substantial conversion it is also 
to use a very high enzyme concentration. Intact bacteria prob. 
ably contain a more efficient electron transporting system. 
The observed transformations of purine and its hydroxylated 


derivatives under the influence of xanthine dehydrogenase ar 


summarized in Fig. 7. It should be noted that the enzym 
preparation was obtained from bacteria grown on uric acid. 4 
similar enzyme produced by cells grown on other substrate 
may well have a different spectrum of substrate specificity. 

It has already been mentioned that the probable function 
in vivo of xanthine dehydrogenase in bacteria grown on uric acid 
is the reduction of uric acid to xanthine. An examination of 
Fig. 7 indicates that other substrates, such as hypoxanthine and 
6,8-dihydroxypurine, are first oxidized to uric acid and then 
reduced to xanthine. The nature of the physiological system 
that is coupled with the rapid reduction in vivo of uric acid by 
xanthine dehydrogenase remains to be determined. 


The xanthine dehydrogenase present in extracts of Clostridium 
cylindrosporum grown on uric acid has been purified about 26 
fold. The enzyme has been shown to contain flavin adenine 
dinucleotide, molybdenum, and iron. The substrate specificity 
of the enzyme has been found to differ considerably from that of 
milk and mammalian liver xanthine-oxidizing enzymes. The 
clostridial enzyme shows a preference for the oxidation and re- 
duction of purines in the 8-position, although the 2-position is 
attacked fairly readily with some purines, and the 6-position 
in one instance. Hypoxanthine and 6,8-dihydroxypurine are 
not converted directly to xanthine, but are first oxidized to 
uric acid which is then reduced to xanthine. The primary fune- 
tion in vivo of this enzyme appears to be the reduction of urie 
acid, 
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Further Studies on Oxidative Photosynthetic 
Phosphorylation* 
Daviv W. Kroomayst 
From the Department of Biochemistry, University of Chicago, Chicago, Illinois 
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In a previous report from this laboratory, the process of oxi- 
dative photosynthetic phosphorylation by spinach chloroplasts 
was described in detail (2). This phosphorylation, elicited by 
indophenol dyes, is unique in its absolute dependence on atmos- 
pheric oxygen. Here, further experiments are described which 
may better characterize this reaction. 


EXPERIMENTAL PROCEDURE 


The techniques and reagents employed in these experiments, 
in general, were the same as previously reported (2). The chloro- 
plast digitonin fragments were prepared by the method of Koukol 
et al. (3). 

The carvacrol indophenol, 1-naphthol-2-sodium sulfonate indo- 
phenol, o-cresolindo-2 ,6-dichlorophenol, and m-carboxyphenol- 
indo-2,6-dibromophenol, all products of the British Drug Houses, 
Ltd., were a generous gift of Dr. R. Hill. The 2,6-dichloro- 
phenol indophenol and 2,6-dibromophenol indophenol weie 
purchased from Eastman Organic Chemicals and the phenol indo- 
phenol from the Allied Chemical and Dye Corporation. Crystal- 
line catalase and alcohol dehydrogenase were obtained from the 
Sigma Chemical Company. Crude p- amino acid oxidase was 
purchased from the Worthington Biochemical Corporation and 
used without further purification. 

Catalase activity was measured by the procedure of Chan- 
trenne as described by Lavorel (4) as well as by manometric 
methods. Catalase activity is expressed in the units described 
by Sumner and Somers (5). p-Amino acid oxidase activity was 


described by De Luca et al. (6). 
enzymatically according to the procedure of Racker (7). Con- 
trol experiments showed that good recovery of acetaldehyde was 
achieved only if the samples were kept below 20° at all times. 
The photosynthetic pyridine nucleotide reductase was a crude 
preparation obtained from an acetone powder of leaf extract 
prepared according to the procedure of San Pietro and Lang (8). 
orase, an enzyme described by Avron and Jagendorf (9). The 

diaphorase enzyme was used in measuring the concentration of 
the indophenol dyes by following the decrease in optical density 
at 340 my when the dye was reduced enzymatically with TPNH. 


* A preliminary report of this work has been presented before 
the meeting of The Federation of American Societies for Experi- 
mental Biology in April 1960 (1). This investigation was aided 
W Foundation to B. Vennes- 

t Present address, Department of Chemistry, Wayne State 
University, Detroit 2, Michigan. 


The values for indophenol concentration obtained in this fashion 
were checked by ascorbic acid titration in those cases in which 
the dye was readily reduced by ascorbic acid. 


Various Indophenol Dyes As Catalysts For Oxidative Photosyn- 
thetic Phosphorylation In all the experiments reported to date, 
as in the bulk of those reported here, the dye 2,3’ ,6-trichloro- 
phenol indophenol has been used as the cofactor for oxidative 
photophosphorylation. When the dye was purified according 
to the procedure of Savage (10), essentially the same results 
were obtained as with the crude preparation. A variety of other 
indophenol dyes have been examined for activity in the oxygen- 
dependent photophosphorylation and the results of these experi- 
ments are reported in Table I. The concentration of the dye 
which gives a maximal rate of photophosphorylation is listed 
with the rate of phosphorylation achieved. Phosphate esterifica- 
tion with these dyes was, in every case, completely suppressed 
when the reaction was carried out in a nitrogen atmosphere. 
However, when the dye, phenol blue, which is structurally quite 
similar to the indophenols, was used, the concentration optimum 
and the rate of phosphorylation were identical to those values 
cited for phenol indophenol, but this phosphate esterification was 
unaffected by incubation under a nitrogen atmosphere. 

Light Saturation of Oxidative Photosynthetic Phosphorylation— 
The light intensity required for maximal photophosphorylation 
with trichlorophenol indophenol was determined and the result- 
ing data are reported in Fig.1. Variations in light intensity were 
achieved by the insertion of neutral density filters between the 
reaction vessels and the light source. The phosphate esterifica- 
tion reaction is nearly saturated with light at an intensity of 
approximately 1000 foot-candles. 

Oxygen Saturation of Oxidative Photosynthetic Phosphorylation— 
Fig. 2 presents data from an experiment in which the oxygen 
saturation for this oxygen-requiring photophosphorylation was 
determined. The reaction is half-saturated at 1% oxygen in the 
gas phase. 

Catalase and Hydrogen Peroxide in Oxidative Photosynthetic 
Phosphorylation—Inasmuch as several of the suggested mecha- 
nisms for oxygen participation in photophosphorylation require 
the participation of catalase, it seemed pertinent to measure 
the level of this enzyme’s activity in the chloroplast preparations 
used. Neish (11) had reported the association of catalase with 
the chloroplast fraction of a number of species. Jagendorf (12) 
found very little catalase in the chloroplast fraction of spinach 
when the fractionation was carried out in media of varying den- 
sity. Since the preparation of chloroplasts in these experiments 
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Tasie I 
Various indophenol dyes as cofactors for oxidative 
photosynthetic phosphorylation 


The complete reaction mixture contained in moles: Tris buffer 
of pH 7.8, 50; inorganic phosphate, 2.5; ADP, 2.5; MgCl:, 10; and 
dye at optimal concentration in a final volume of 1.5 ml. The 
reaction mixtures were illuminated with chloroplasts equivalent 
to 0.1 mg of chlorophyll for 10 minutes at 15°. 


Optimal Rate of 
—ß 
— 
2,3’,6-Trichlorophenol indophenol.......... 2 60 
2,6-Dichlorophenol indophenol............. 5 86 
2,6-Dibromophenol indophenol.............. 4.6 68 
Phenol indophenol......................... 6.6 137 
m-Carboxyphenolindo-2,6-dibromophenol...| 2.6 110 
o-Cresol indo-2,6-dichlorophenol............ 6.3 110 
1-Naphthol-2-sodium sulfonate indophenol 2.3 120 
Guaiacol indo-2,6-dibromophenol........... 3.2 115 
Carvacrol indophenol....................... 3 6 


differs greatly from the method of chloroplast isolation routinely 
used in photophosphorylation experiments, new catalase meas- 
urements seemed in order. The results are recorded in Table 
II. About 25% of the catalase measured in the whole homogen- 
ate is isolated with the chloroplast fraction. The catalase in 
the chloroplast fraction is significantly reduced by repeated 
washings or by treatment with digitonin, so the inherent associa- 
tion of this enzyme with the photosynthetic apparatus remains 
in doubt. 

The presence of catalase in the chloroplast preparations forces 
a consideration of the possible participation of this enzyme in 
the over-all reactions of oxidative photosynthetic phosphoryla- 
tion. Mehler has described an ability of chloroplasts to reduce 
atmospheric oxygen to hydrogen peroxide (13), and the reaction 
sequence, as usually experienced with unsupplemented chloro- 
plasts, is described by the following equations: 


light 
— — 2(H) + 2(0H) 


2(0H) — H,O + 3 0; 
2(H) + O. — HO; 


Ho, HO + 40; 


Should oxygen be reduced to hydrogen peroxide either by the 
illuminated chloroplasts or by photoreduced indophenol and 
should this product be dismuted by the endogenous catalase to 
oxygen and water, the equivalence of oxygen consumption and 
production described in an earlier report (14) would be achieved. 
To test the possibility that oxygen participation in indophenol- 
catalyzed photophosphorylation proceeds via the Mehler reac- 
tion, the catalase-ethanol system for trapping hydrogen peroxide 
was used. In this system, catalase acts peroxidatically with use 
of hydrogen peroxide to oxidize ethanol to acetaldehyde. This 
reaction was first described by Keilin and Hartree (15) and was 
used by Mehler in his elucidation of oxygen reduction by illumi- 
nated chloroplasts (13). The acetaldehyde produced was meas- 
ured in our experiments with DPNH and alcohol dehydrogenase. 


2H,0 
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Fie. 1. Effect of light intensity on oxidative 

tion. The reaction mixture contained in amoles; orthophosphate, 
2; ADP, 2.5; MgCls, 10; 2,3’,6-trichlorophenol indophenol, 0.5; 
Tris buffer at pH 7.8, 50; and e hloroplasts equivalent to 0.1 mg of 
chlorophyll i in a final volume of 1.5 ml. The light intensity was 
varied by inserting neutral density filters beneath the reaction 
vessels. The light intensity at the flask level was measured with 
a General Electric light meter. 


Per Cent Oxygen 

Fic. 2. Effect of oxygen concentration on oxidative photophos- 
phorylation. The reaction mixture contained in smoles; ortho- 
phosphate, 1.5; ADP, 1.5; MgCl, 10; 2,3’ ,6-trichlorophenol indo- 
phenol, 0.3; Tris buffer at pH 7.8, 50: and chloroplasts equivalent 
to 0.1 mg of chlorophyll in a final volume of 1.5 ml. The oxygen 
concent were by mixing liquid pumped nitrogen 
with mixtures of either 8 or 2% oxygen in nitrogen prepared by the 
National Cylinder Gas Company. The desired mixture was 
achieved by regulating the gas flow from each cylinder with Vic- 
torometer gas flow regulator units. The reaction vessels were 
preflushed with the gas mixtures for 3 minutes in the dark with 
shaking and flushed continuously during the illumination. The 
phosphorylation at each concentration of oxygen was compared 
with an identical reaction mixture incubated in air. The values 
reported are the average of triplicate determinations which varied 
no more than 10% from one another. 


Tasie II 
Catalase content of spinach leaf preparations 
Catalase activity was determined by a modification of the 
method of Chantrenne as described by Lavorel (4). The assays 
were carried out at 15° in the dark. Essentially identical results 
were obtained with manometric assays or the permanganate 
titration method for catalase determination. 


Preparation Catalase activity 
chlorophyll 
Whole leaf homogenate................ 24.4, 26.7 
Unwashed chloroplas ts. 6.8, 7.2, 6.4 
Chloroplasts washed once............. 6.8, 6.1, 6.7 
Chloroplasts washed 5 times........... 2.8, 3.1, 2.5 
Chloroplast digitonin fragments....... 1.0, 1.2 
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First, it seemed imperative to test the efficiency of the 
catalase-ethanol trap for hydrogen peroxide under the circum- 
stances of oxidative photosynthetic phosphorylation. To do 
this, p- amino acid oxidase, instead of illuminated chloroplasts, 
was used as a hydrogen peroxide generator. The over-all reac- 
tion sequence is outlined by the following equations: 


D-amino acid 


p-alanine + O: oxid 


pyruvate + H,0; + NH; 


alcohol 
acetaldehyde + DPNH dehyd > 


lactic 
dehyd oe lactate + DPN 


This enzymatic generation of hydrogen peroxide affords the 
advantage of a readily measured product other than hydrogen 
peroxide against which the efficiency of the catalase-ethanol 
trapping system may be checked. The products of this en- 
zymatic oxidation of p-alanine are hydrogen peroxide and pyru- 
vate, and the pyruvate is readily measured by the DPNH-lactic 
dehydrogenase reaction. The pyruvate produced by the p- 
amino acid oxidase reaction should be equivalent to the hydrogen 
peroxide formed, regardless of the fate of that hydrogen peroxide. 
Data from such a control experiment are presented in Table III. 
The values for hydrogen peroxide trapped by the catalase-ethanol 
system, as measured either by oxygen consumption or acetalde- 
hyde produced, agree rather well with the value for pyruvate 
recovered. In the absence of ethanol, the net oxygen consump- 
tion is decreased by half, as expected from the catalatic destruc- 
tion of hydrogen peroxide. The lower pyruvate recovery seen 
in the final line of Table III might result from the nonenzymatic 


ethanol + DPN 


pyruvate + DPNH 


TABLE III 


Recovery of hydrogen peroxide 

These assays were performed with conventional Warburg ap- 
paratus. The reaction mixture contained 100 zmoles of Tris 
buffer at pH 7.8; 5 wmoles of inorganic phosphate; 5 umoles of 
ADP; 10 zmoles of MgCl:; 0.5 wmole of 2,3’,6-trichlorophenol 
indophenol; chloroplasts equivalent to 0.2 mg of chlorophyll; 10 
mg of ethanol; 0.01 mg of FAD; 0.05 mg of catalase; 20 mg of 
p- amino acid oxidase, and water to a final volume of 1.5 ml. The 
flasks were equilibrated for 5 minutes, then the p-amino acid 
oxidase was added from the side arm to initiate the reaction. 
The reaction mixtures were incubated at 15° for 30 minutes in the 
dark. After deproteinization with trichloroacetic acid and re- 
neutralization, suitable aliquots were used in enzymatic assays 
for acetaldehyde and pyruvate. 


recov- 
Reaction mixture Or consumed | ered as acet-| Pyruvate 
moles pmoles pmoles 
Chloroplasts omitted........... | 2.4 2.4 3.1 
Alanine omitted................ | © 0 0 
p-Amino acid oxidase omitted . | 0 0 0 
Ethanol omitted.............. 1.2 0 2.9 
Supplementary catalase omit- 
2.1 2.0 2.6 


Oxidative Photosynthetic Phosphorylation 
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TaBLe IV 
Generation of hydrogen peroxide by phosphorylating chloroplast, 
These assays were performed with the conventional Wa 
apparatus. The reaction mixture contained 50 ywmoles of Trig 
buffer at pH 7.8; 5 wmoles of inorganic phosphate; 5 umoles of 
ADP; 10 zmoles of MgCl:; 0.5 umole of 2,3’,6-trichloropheng 
indophenol ; 0.04 mg of catalase; 10 mg of ethanol; chloroplasts 
equivalent to 0.2 mg of chlorophyll, and water to a final volume 
of 1.5 ml. The flasks were equilibrated for 5 minutes in the 
then the reaction was initiated by turning on the lights. The 
reaction mixtures were illuminated with shaking for 30 minutes 
at 15° with a light intensity of 2000 foot-candles. 


Reaction mixture Oz consumed cred act Pi uptake 
q ũ 

1. Complete 0.7 0.67 3.8 
Dye omitted 0.6 0.62 0 
Ethanol omitted 0 0 3.8 
Light omitted 0 0 0 

2. Complete 0.7 0.68 2.0 
Dye omitted 0.4 0.46 0 

3. Complete 0.7 0.62 2.0 
Dye omitted 0.5 0.65 0 


reaction of pyruvate with hydrogen peroxide when there is in- 
sufficient catalase to remove the peroxide rapidly. Several such 
experiments indicated that the catalase-ethanol system can be 
made to trap 75 to 80% of the hydrogen peroxide generated under 
the circumstances of oxidative photophosphorylation. 

Table IV contains data from experiments in which the abilities 
of chloroplast preparations to reduce oxygen to hydrogen perox- 
ide and to carry out oxidative photophosphorylation are com- 
pared. It is apparent that hydrogen peroxide production occur 
at only a fraction of the rate of ATP synthesis, and unlike the 
phosphorylation, is independent of the presence of indophenol 
dye. It would appear that the oxygen consumption accompany- 
ing oxidative photophosphorylation does not necessarily proceed 
through hydrogen peroxide as an intermediate. 

Experiments with TPN—The possibility of substituting some 
other oxidant for oxygen was suggested by an experiment of 
Jagendorf (16). Jagendorf had found that p-chlorophenyldi- 
methylurea inhibition of TPN reduction by illuminated chloro- 
plasts could be reversed by the addition of ascorbic acid and 
indophenol dye. We were able to repeat this observation by 
using either 3-(3 ,4-dichlorophenyl)-1,1-dimethylurea as an in- 
hibitor or by exposing the chloroplasts to a high concentration 
of Tris buffer, a treatment which eliminates the ability of chloro- 
plasts to carry out a net Hill reaction (17). That photophos- 
phorylation might occur under such circumstances of inhibition 
and reversal is confirmed in Table V. Chloroplasts washed with 
0.4 M Tris buffer, of pH 7.8, were used, so that reduction of indo 
phenol or TPN and phosphorylation accompanying the reduction 
of the latter compound were inhibited. In the absence of TPN, 
photophosphorylation with ascorbate-reduced indophenol was 
found to be oxygen-dependent, as in previous experiments. 
However, in the presence of TPN, photophosphorylation oe- 
curred under either air or a nitrogen atmosphere. Phosphate 
esterification and TPN reduction are seen to require both ascor- 
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bic acid and indophenol dye in the final experiment reported in 
this table. In separate experiments, the necessity for added 
photosynthetic pyridine nucleotide reductase was established. 
In nonilluminated controls there was neither phosphate esterifica- 
tion nor TPN reduction. Cysteine or reduced glutathione 
substitute equally well for ascorbate in these experiments, indi- 
cating that the function of these compounds is merely to supply 
reduced indophenol dye. That the concentration of reducing 
agent is critical is indicated by Fig. 3. It has been our general 
experience that an excess of the indophenol-reducing agent will 
inhibit photophosphorylation. As can be seen from this graph, 
at low concentrations of ascorbic acid, the ratio of phosphate 
esterified to TPN reduced exceeds 1. 


DISCUSSION 


The ability to support oxidative photosynthetic phosphoryla- 
tion seems to be a general characteristic of the variously substi- 
tuted indophenol dyes. Why photophosphorylation does not 
accompany the reduction of indophenols as it does with other 
Hill reagents is an intriguing question to which a satisfactory 
answer has yet to be found. The indophenol dyes used in this 
survey show a span in the standard oxidation reduction potential 
at pH 7 of from 0.123 volts for 1-naphthol-2-sodium sulfonate 
indophenol to 0.250 volts for m-carboxyphenolindo-2 , 6-dibromo- 
phenol. As these two compounds, at the extremes of the range 
of potentials examined, both gave rather high rates of oxidative 
photophosphorylation, it would seem that there is no obvious 
relation between the potential of these dyes and their ability to 
support phosphorylation. 

The intensity of light needed to half saturate oxidative photo- 
phosphorylation, approximately 500 foot-candles, provides a 
point for comparison between this reaction and other photochem- 
ical activities of isolated chloroplasts. Jagendorf and Avron (18) 
have reported that the reduction of trichlorophenol indophenol 
dye by the Hill reaction is half-saturated at a light intensity of 
700 foot-candles. The above mentioned authors found that 
photophosphorylation with flavin mononucleotide as a cofactor 
is half-saturated with light at approximately 200 to 300 foot- 
candles, and with phenazine methosulfate as cofactor, phos- 
phorylation increases with increasing light intensity up to 5000 
foot-candles and perhaps beyond. Bishop et al. (19) have re- 
ported half saturation of the spinach chloroplast cytochrome c 
photooxidase reaction at about 400 foot-candles. The pecu- 
liar absence of linearity between light intensity and phosphate 
esterification with indophenol in the region below 500 foot- 
candles is not generally experienced with these other chloroplast 


Fe 


reactions, and its meaning in this case is obscure. 

The oxygen response curve for oxidative photophosphoryla- 
tion shows the reaction to be half-saturated at 1% oxygen. 
This oxygen saturation curve is similar to the one obtained with 
mammalian cytochrome oxidase preparations (20). In general, 
flavoproteins show a lower affinity for oxygen and so respond 
with an increasing rate to much higher percentages of oxygen 
(21). 

A consideration which might militate against the accuracy of 
the results in the experiments involving peroxide measurement 
is the observation of Lavorel (4) that indophenol enhances a 
photoinhibition of the catalase activity of chloroplasts. We 
have been able to observe a photoinhibition of chloroplast cata- 
lase in the presence of indophenol, but only at very low levels of 
catalase such as encountered in Lavorel’s experiments. With 
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TaBLe V 
TPN as a substitute for oxygen in oxidative 
photosynthetic phosphorylation 
The complete reaction contained 50 umoles of Tris buffer at pH 
7.8; 2.5 umoles of inorganic phosphate; 2.5 wmoles of ADP; 10 
umoles of MgCl;; 0.5 umole of 2,3’,6-trichlorophenol indophenol ; 
1 unit of photosynthetic pyridine nucleotide reductase; 2 wmoles 


of TPN; 5 umoles of ascorbic acid; and chloroplasts equivalent to 


0.2 mg of chlorophyll in a final volume of 1.5 ml. Thechloroplasts 
were first diluted in Tris buffer according to a previously de- 
scribed procedure (18) to eliminate their ability to carry out a 
Hill reaction. Illumination time was 10 minutes. 


Reaction mixture Atmosphere P. esterified | TPN reduced 
pmoles 
TPN omitted air 0.8 0 
N: 0 0 
Complete air 0.4 0.3 
N: 0.8 0.8 
Indophenol or ascorbate omitted air 0 0 
N: 0 0 


u Moles TPN Reduced 


A Moles Ascorbate Added 


Fic. 3. Effect of ascorbic acid concentration on the reversal of 
inhibition of photophosphorylation and TPN reduction by the 


Tris buffer treatment. The reaction mixture used in this experi- 
ment is identical to that described in Table V with variation in 
ascorbic acid concentration as indicated. All the flasks were il- 
luminated under a nitrogen atmosphere for 10 minutes at 15°. 


the higher level of endogenous catalase in our reaction mixture 
and the supplementary addition of crystalline enzyme, no photo- 
inhibition could be detected under the experimental conditions 
for oxidative photophosphorylation. 

The elimination of hydrogen peroxide as a participant in an 
aerobic chloroplast reaction is at best a difficult task. The major 
interest in these studies was to compare the rate of hydrogen 
peroxide formation in these reaction mixtures with the rate of 
oxygen exchange measured with isotopic oxygen as described in 
an earlier publication (14). When chloroplasts were illuminated 
under conditions for oxidative photophosphorylation, an indo- 
phenol-dependent oxygen exchange reaction proceeding at a rate 
of 50 atoms of oxygen consumed and evolved per mg of chloro- 
phyll per hour was observed. In the experiments reported here, 
hydrogen peroxide production never exceeded a rate of 7 wmoles 
per mg of chlorophyll per hour, a figure so low as to make hydro- 
gen peroxide only a minor contributor to the oxygen exchange. 
Since this hydrogen peroxide production is independent of the 
presence of indophenol dye, the indophenol dye-catalyzed oxygen 
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exchange and the generation of hydrogen peroxide would appear 
to be independent processes. As noted previously, the magni- 
tude of the oxygen exchange reaction is such that it could serve 
stoichiometrically in oxidative photophosphorylation. The rate 
of hydrogen peroxide formation seems to be too low to act in a 
stoichiometric fashion with oxidative photophosphorylation. 
Inasmuch as oxygen does not appear to be reduced to hydrogen 
peroxide, it is suggested that the presence of reduced indophenol 
dye permits the reduction of oxygen to water. Hill has described 
an autoxidizable cytochrome in chloroplasts, designated b. (22). 
This component might well serve as the terminal electron donor 
to oxygen. However, this reaction with an attendant photo- 
phosphorylation appears possible only in the presence of reduced 
indophenol dye. 

In 1954, Vernon and Kamen (23) described simultaneous 
oxidation and reduction reactions of illuminated chloroplasts. 
The interpretation developed by these authors of simultaneous 
and interdependent trapping of both the reducing and oxidizing 
products of chloroplast photolysis is essentially similar to the 
interpretation we have derived for oxidative photophosphoryla- 
tion. In their original work, Vernon and Kamen found an 
equivalence of indophenol-mediated ascorbate oxidation and 
acetaldehyde production in the presence of catalase and ethanol. 
However, Habermann (24) has described a stimulation of oxygen 
exchange in the presence of ascorbic acid alone at concentrations 
similar to those employed by Vernon and Kamen. Perhaps the 
resolution of this discrepancy in acetaldehyde production can be 
attributed to ascorbic acid. 

The experiments reported here in which TPN was presumed to 
act as a substitute for oxygen are by no means unambiguous. It 
is clear from the work of Jagendorf, and the work of Vernon (25) 
that photoreduction can be made dependent on a photooxidation 
of reduced indophenol dye. It is now evident that photophos- 
phorylation can be made to accompany these interdependent 
electron transfer processes. These experiments do not localize 
the site of the phosphorylation as accompanying either the re- 
duction of TPN or the oxidation of reduced indophenol. We 
had previously suggested that oxygen served in this system to 
trap the photochemically generated reductant, permitting re- 
duced indophenol dye to trap the photochemically generated 
oxidant and so support phosphorylation. In the experiments 
cited here, perhaps phosphorylation is possible only when the 
chloroplasts can reduce either oxygen or TPN on the one hand 
and simultaneously oxidize reduced indophenol dye on the other. 


SUMMARY 
The oxidative photosynthetic phosphorylation reaction of 
spinach chloroplasts has been further characterized with regard 
to responses to variously substituted indophenol dyes, to varia- 


tions in light intensity, and variations in oxygen concentratim 
Experiments have been described which would seem to eliminate 


hydrogen peroxide as a participant in this reaction. Finally 
experiments have been cited which suggest that triphosphopyy. 
dine nucleotide may act as a substitute for oxygen in maintaining 


oxidative photophosphorylation. 
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Isolation, Purification, and Some Properties 


of Mammalian Cytochrome 6“ 


DonaLpD FELDMAN AND W. W. Wanno 


There have been a number of reports in the literature on at- 
tempts to isolate and purify cytochrome b (1-6). All these prep- 
arations, however, contained other cytochrome contaminants, 
notably cytochrome c, and/or succinic dehydrogenase and cyto- 
chrome oxidase. Most recently in 1960 Bomstein et al. (7) re- 
ported the isolation of cytochrome b from beef heart mitochondria 
and estimated the molecular weight to be approximately 30,000. 
A rather wide range has been reported for the oxidation-reduction 
potential of cytochrome b. Ball (8) reported a value of —40 mv, 
whereas Hill in 1954 (9) stated that the value for the E' for 
mammalian cytochrome b should be closer to O mv. Chance 
(io) supported Hill's statement, whereas Okunuki and Sekusu 
(5) claimed a value of —50 mv for their preparation. Most 
recently, Colpa-Boonstra and Holton (11) reported a value of 
+77 mv. In a preliminary communication (12) we outlined a 
method for the isolation of mammalian cytochrome b that showed 
no spectral evidence of cytochrome c, contamination and was 
free of succinic dehydrogenase and cytochrome oxidase activity. 
The purpose of this communication is to describe in detail the 
steps in the isolation and purification of this preparation and to 
present some of its properties. The oxidation-reduction poten- 
tial was found to be approximately +68 mv. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The insoluble heart muscle preparation was prepared from fresh 
bovine heart according to the method of Bernstein and Wainio 
(6). 

Protein determinations were made by micro- Kjeldahl (13) when 
sufficient material was available. In those instances in which 
only small quantities were available, protein was estimated by 
the spectrophotometric method of Kalckar (14). 


Absorption spectra were obtained employing the DK-2 Beck- 
man recording spectrophotometer. 

Cytochrome oxidase and succinic dehydrogenase activities were 
assayed as previously described (6). 

The pyridine hemochromogen of the prosthetic group of the 
cytochrome b was prepared as previously described (6), based on 
the method of Person et al. (15). 
metrically in the model G Beckman pH meter with the use of a 
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platinum-saturated calomel electrode system in the presence of 
the ferri-ferro oxalate couple. 

Determinations were made in Tris buffer pH 7.0 at 25 + 2°. 
All reagents employed were recrystallized three times and were 
prepared immediately before use and kept in the dark. The 
system was as follows: 0.5 ml of 0.5 M potassium oxalate, 1.0 ml 
of Tris buffer 0.1 M at pH 7.0, 0.5 ml of cytochrome 6 solution in 
the same buffer, and 0.2 ml of 0.01 M ferric chloride solution were 
mixed and allowed to equilibrate for 5 minutes. This mixture 
was then titrated with 0.01 M ferrous sulfate solution with read- 
ings taken after each addition. A duplicate sample of cyto- 
chrome b was similarly assayed in the DK-2 spectrophotometer 
at 561 my. Complete oxidation of the samples was assured by 
aeration with pure oxygen before use, and the optical density 


In order to maintain anaerobic conditions and complete mixing 
during the course of the potentiometric titrations, the pH meter 
was modified to allow for the introduction of two fine polyethyl- 
ene tubes through the sample door. One of the fine polyethylene 
tubes was fed through the door of the pH meter and inserted 
into one of three holes in the plastic beaker cover. This tube 
was connected to a tank of pure nitrogen gas, and a fine stream 
of bubbles was allowed to pass through the solution. This af- 
forded ample mixing and an oxygen-free atmosphere. A second 
hole in the plastic cover allowed for the escape of the nitrogen 
gas. The use of this method for mixing necessitated the addition 
of a trace of Dow silicone antifoam to avoid foaming, especially 
was introduced in the same manner via a polyethylene tube 
which was passed through the third hole in the cover. 
— H— 
which allowed for the introduction of titrant in very small incre- 
ments. Spectrophotometric measurements could not be carried 
out simultaneously, but were done on duplicate samples in the 
DK-2 recording spectrophotometer with the use of ml cuvettes. 
In this case, however, mixing was not feasible by means of nitro- 
gen due to the small cuvette size. For this reason, the titrant 
was added periodically by introducing a polyethylene tube at- 
tached to the microburette and, after an amount had been added, 
the tube was removed and the cuvette replaced in the spec- 
trophotometer. Mixing was accomplished by inversion of the 
cuvette, and anaerobic conditions maintained by layering the 
solution with mineral oil. In both potentiometric and spec- 


eliminay 

zit Veo. C 

discw. 

p „ 
J. Biol, 
sthods 
J. Bia 

ditors), 
c., New 
sol, Al 

Biol We ’ Die’ reauction OF e penrome O Was aeterminec 
ae after addition of a few grains of sodium dithionite. 

(1946). 

-, 28, 

B., J. 
31, 27 
SLAND, 

np K. 

(Edi- 

hers, 

| 

3635 


additions of titrant so that readings were constant, but in no case 
was any reading taken before 2 minutes had elapsed. 
Isolation and Purification Procedure 

Sodium Deorycholate Extraction—The protein concentration of 
the insoluble heart muscle preparation was adjusted to 25 mg 
per ml by addition of 0.1 M phosphate buffer, and sodium deoxy- 
cholate was added to a final concentration of 0.6% (weight per 
volume). The preparation was thoroughly homogenized at 0-5° 
in a motor-driven Teflon glass homogenizer and then centrifuged 
at 50,198 X g for 30 minutes at 0 to 5° in the Spinco analytical 
ultracentrifuge (model E) employing 9.5-cm lusteroid tubes of 
10-ml capacity in the C“ preparative rotor. The supernatant 
fluid was aspirated off and discarded and the pellets were resus- 
pended in a quantity of 0.1 M phosphate buffer, pH 7.4, equal to 
the original volume of insoluble heart muscle preparation. So- 
dium deoxycholate was then added to a final concentration of 
0.8% (weight per volume). The preparation was homogenized 
in a Teflon glass homogenizer at 0 to 5° and once again centri- 
fuged at 50,198 x g for 30 minutes under the same conditions 
as described above. The supernatant fluids were decanted, 
pooled, and saved. In most instances lipids were found floating 
above the clear supernatant. This material was removed by 
aspiration and discarded before decanting of the 0.8% deoxy- 
cholate supernatant fluid which will henceforth be referred to as 
the Preparation 0.6 to O. S. It was a clear, deep red solution that 
often clouded on standing for more than 2 hours at 0-5°. This 
cloudiness could be removed by centrifugation, and this proce- 
dure in no way affected the spectral characteristics of the Prep- 
aration 0.6 to 0.8. 

Nas Or reduced maxima for this preparation were 428, 528 to 
530, and 560 muy, indicating the presence of considerable cyto- 
chrome 6. However, although no cytochrome oxidase or cyto- 
chrome c was spectrally visible, there were significant shoulders 
at 416 to 418, 525, and 553 my, indicating a cytochrome ci 

High Speed Centrifugation—Portions of the Preparation 0.6 to 
0.8 were centrifuged at 165,380 X g at 0 to 5° for 4 hours. This 
procedure resulted in a bright red gelatinous pellet and a clear 
pink-yellow supernatant. The dithionite-reduced difference 
spectrum between the Preparation 0.6 to 0.8 before centrifuga- 
tion and that of the supernatant fluid after centrifugation indi- 
cated that most of the cytochrome b was now located in the pellet. 
Maxima were found at 429, 530, and 560 mu. 

Solubilization of Red Cytochrome h Pellet-—Attempts to dissolve 
this pellet in distilled water or in 0.1 M phosphate buffer at pH 
7.4 were unsuccessful. Lyophilization of these pellets resulted 
in brown brittle disks which could be pulverized to a fine powder. 
Attempts to dissolve this powder in water, in 0.1 m phosphate 
buffer in a pH range from 6.0 to 8.0, and in a variety of surface 
active agents varying in concentration from 0.2 to 1.0% were 
also unsuccessful. 

The red pellet obtained after centrifugation of a 10-m] aliquot 
of the Preparation 0.6 to 0.8 for 4 hours at 168,380 x g was 
washed with 2 ml of distilled water, and after the wash was dis- 
carded, the pellet was incubated with 4 ml of a mixture of bee 
venom! and snake venom? (2 mg per ml of each or a total of 4 


1 Obtained from Roche Laboratories, Inc., Nutley, New Jersey. 
No longer available from them. 

2 Crotalus adamanteus (eastern diamondback — 
tained from Ross Allen’s Reptile Institute, Silver Springs, Florida. 
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mg per ml) in 0.1 m phosphate buffer pH 7.4. After 4 hour g 
25°, the mixture was seen to acquire a pink color which increased 
in intensity with time. After 2 hours, the mixture was centy). 
fuged for 15 minutes at 2000 x g at 0-5°, and the resultant pink 
supernatant fluid showed a dithionite-reduced spectrum with 
major absorption peaks located at 560, 530 to 528, and 428 o 
430 my. 

It was subsequently found that snake venom (4 mg per ml in 
0.1 m phosphate buffer pH 7.4) was effective in solubilizing at 
least a portion of the red pellet, if allowed to incubate overnight 
at 0-5° after a preliminary incubation for 2 hours at room tem. 
perature. The following procedure was adopted. The pellet 
obtained from 10 ml of the Preparation 0.6 to 0.8 was allowed 
to incubate for 2 hours at room temperature and then for 12 to 
14 hours at 0-5 in 2 ml of snake venom (4 mg per ml), in 0.1 U 
phosphate buffer at pH 7.4. At the end of this period, the mix. 
ture was centrifuged at 2000 X g at 0-5° for 15 minutes and the 
supernatant fluid examined spectrophotometrically. Maxims 
were seen at 560, 530, and 430. However, prominent shoulder 
were evident at 418 to 420, 553, and 425 mu, indicating the con. 
tinued presence of cytochrome ci. 

Ammonium Sulfate Fractionation—Saturated ammonium sul 
fate was added to the snake venom preparation in 5% increments 
until precipitation occurred. At 10% of saturation a slight white 
amorphous precipitate was obtained which was insoluble in 
0.1 u phosphate buffer at pH 7.4. At 20% of saturation a heavy 
tan precipitate was seen, and this was also insoluble in 0.1 x 
phosphate buffer pH 7.4. Up to 20% of saturation no alteration 
in the spectral characteristics of the supernatant fluid was seen. 
At about 25% of saturation a red precipitate was obtained. 
Complete precipitation of the red material was obtained at ap- 
proximately 30% of saturation. The suspension was centrifuged 
at 2000 x g for 15 minutes at 0 to 5°, and spectral analysis of 
the supernatant fluid indicated no cytochrome ö or cytochrome 
c, absorption peaks. The red precipitate could be dissolved ina 
small quantity of 0.1 Mu phosphate buffer at pH 7.4 (usually 5 ml) 
and spectral analysis indicated absorption peaks at 560, 530, and 
430 mu with cytochrome ei shoulders still evident at 418 to 420, 
425, and 553 mu. 

Both cytochrome oxidase and succinic dehydrogenase activity 
were present in the original Preparation 0.6 to 0.8, but no activity 
could be detected in aqueous solution of the 30% ammonium 
sulfate precipitate. 

Sedimentation Studies—Many attempts were made to remove 
the cytochrome ci component from this preparation. These in- 
cluded the use of organic solvents, ammonium sulfate, ultrasonie 
treatment, and surface active agents. All these attempts were 
unsuccessful. 

In view of the failure of these procedures, as well as the re- 
peated failures experienced by Hubscher et al. (3) in an attempt 
to separate cytochrome 6b from cytochrome ci, it was felt that the 
cytochrome b-c, preparation might indeed be a single entity, ++. 
a particle“ composed of cytochrome b bound to cytochrome e- 
In order to investigate this possibility, analytical ultracentrifugal 
studies were undertaken. Results of these studies seem to con- 
firm this possibility. Fig. 1 is a photographic recording of one 
such study. As can be seen, a single symmetrical peak is evident 


during the course of this run. In addition, the peak follows the 
sedimentation of the red color of the solution. Calculations of 
the sedimentation constant gave an uncorrected value of 13.9 X 
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Fic. 1. Sedimentation study of a typical cytochrome b-ei preparation. — Photographs were taken at 88-minute in- 


tervals. 


10-" seconds, and the molecular weight of the cytochrome b-c, 
“particle” was estimated to be approximately 350,000 + 50,000. 

Further Purification Steps Using Enzymes— In view of the 
possibility that the cytochrome ei contaminant was physically 
and/or chemically bound to cytochrome b, attempts were made 
to remove cytochrome c, with the use of a variety of enzymes. 
The procedure was as follows. First, 2 ml of the cytochrome 
bei preparation were incubated with 4 mg of enzyme for 1 hour 
at 25°. The preparation was then fractionated with ammonium 
sulfate at 0 to 20, 20 to 40, and 40 to 60% of saturation, and the 
precipitates obtained were assayed spectrally after being dis- 
solved in 0.1 u phosphate buffer, pH 7.4. With the use of this 
procedure, it was found that all the proteolytic enzymes proved 
to be destructive to both cytochrome b and ci with one exception. 
Protease“ was effective in liberating the cytochrome 6 from the 
cytochrome ci. 

After incubation of the b-c, “particle” with the protease, cyto- 
chrome 6 could be precipitated with ammonium sulfate at ap- 
proximately 20% of saturation. A bright red precipitate was 
obtained which was soluble in 0.1 u phosphate buffer, pH 7.4. 
Fig. 2 shows the oxidized and dithionite-reduced absorption 
spectra of this material. As can be seen, absorption maxima 
are at 561, 530, and 430 my. In the oxidized form, the major 
peak is seen at 415 my. In all cases, the absorption maxima 
show symmetrical peaks. Spectral analysis of the supernatant 
after 20% ammonium sulfate precipitation, indicated a charac- 
teristic cytochrome c, spectrum with absorption maxima at 418, 
525, and 553 my. With this preparation, however, there was a 
cytochrome b contaminant, as indicated by a shoulder at 428 to 
430 my. 

The cytochrome b preparation obtained in this manner was 
assayed for sodium deoxycholate (16), and all preparations ob- 
tained showed a content ranging from 30 to 600 ug per ml. 
These cytochrome b preparations showed neither cytochrome 
oxidase nor succinic dehydrogenase activity when assayed. No 
shifts in absorption spectra were noted after treatment with car- 
bon monoxide. 

Several attempts were made to remove the sodium deoxy- 
cholate “contaminant.” Exhaustive dialysis of the cytochrome 
b preparation against 0.1 M phosphate buffer pH 7.4 at 0 to 5° for 
12 to 48 hours removed most of the deoxycholate, but also re- 
sulted in loss of the cytochrome b absorption peaks. In addition, 
a protein precipitate was noted after dialysis. Attempts to dis- 
solve this precipitate in water, buffers, and sodium deoxycholate 
solutions were unsuccessful. 

Analytical Data Table I is a presentation of the quantitative 


Crude pancreatic protease obtained from Nutritional Bio- 
chemicals Corporation, Cleveland, Ohio. | 
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Fic. 2. Oxidized and dithionite-reduced absorption spectra of 
purified cytochrome b. 


I 
Analytical data obtained during course of typical 
purification procedure 
Stage | Protein| Cytochrome} 
mg =| mg/ml protein 
Insoluble fraction.......... 3250 25.0 
0.6 to 0.8 fraction 1310 19.6 8 X 10“ 15.5 
After snake venom treat- 
150 7.5 9.5 X 10“ 18.7 
20% (NH.) 80. superna 
110 3.9 | 13.5 Xx 10 | 27.0 
30% (NH,):SO, red pre- 
o 34 5.93 24.8 X 10 | 49.0 
20% (NH.) S0. red pre- 
cipitate after protease 
= 29.0 X 10102. 0 


data obtained during the course of a typical procedure to prepare 
the purified cytochrome b preparation. Table II shows the 
final analytical values calculated for six such cytochrome 6 prep- 
arations. As can be seen, there is considerable fluctuation in 
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material (insoluble heart muscle preparation) was apparently the 
same, at least in terms of total protein concentration. The 
AE*=" for the best preparation obtained was calculated for the 
maximum at 560 my relative to the isosbestic point at 575 my 
as outlined by Slater (17) and was found to be 132. 


554, 525, and 420 my corresponding to values for ferroproto- 


porphyrin IX. 

Orxidation-Reduction Potential The E’, for the ferri-ferro oxa- 
late system was determined at pH 7.0 in Tris buffer at 26°. Dur- 
ing the course of the titration the pH variation was no greater 
than 0.05 pH units. Employing the system described above, 
the oxidation-reduction potential was found to be +40 mv for 
the ferri-ferro oxalate couple. Fig. 3 shows the results obtained 
for the cytochrome b preparation. The E', obtained by extrap- 
olation was +66 mv, and when calculated with the aid of the 
equation, 

(Fe*** oxalate) 
E’,(cytochrome b) (Fe** oxalate) 


E’o(oxalate) + RT/nF ln 


When the concentration of ferrocytochrome b equals that of 
ferricytochrome b, the value was +60 mv. In five such deter- 
minations, the range was found to be +60 mv to +78 mv with a 
mean value of +68 mv. 

As is evident in Fig. 3 there was a sharp break in the potentio- 
metric curve at a point close to the E“ value for cytochrome b. 
Hill (9) commented upon a similar effect in his studies using the 
ferri-ferro oxalate couple, stating that the practical limit [of the 


Tas.e II 
Analytical values for siz cytochrome b preparations 
Total protein Protein Cytochrome b 
ms mg/ml ma protein 
1 1.20 0.42 3.6 X 10 71.0 
2 1.68 0.56 2.9 X 10 102.0 
3 1.71 0.57 6.7 X 10 132.0 
4 2.40 0.80 3.8 X 10°* 75.0 
5 7.92 2.64 2.6 X 10 51.0 
6 30.72 7.68 2.3 X 10°% 34.4 


MILLIVOLTS 
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Fig. 3. Potentiometric data obtained in the determination of 
E', for cytochrome b. Study carried out at 27° at pH 7.0 in the 
presence of the ferri-ferro oxalate couple. 
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III 
Comparison of extinction values and calculated particle si:e 
for siz cytochrome b preparations 
Preparation No. ags/mi size 
6 34.4 570,000 
5 51.0 384, 000 
1 71.0 280, 000 
4 75.0 270, 000 
2 102.0 200, 000 
3 132.0 150,000 


titration] was reached at a point when the cytochrome b was 
about half reduced.“ A similar break in the curve was observed 
during the course of the spectrophotometric titration. 

The small amounts of purified cytochrome b that could be 
obtained from an entire heart precluded a determination of its 
molecular weight by ultracentrifugal studies. However, caleu- 
lations of particle size were attempted based on the analytical 
data obtained for the final cytochrome b preparations. Calcula- 
tion of the concentration of cytochrome b (19) and a knowledge 
of the protein content gave some indication of the particle size, 
assuming that all the protein in the final preparation was cyto- 
chrome 6 protein. This is probably a relatively poor assumption, 
since some protein from the protease preparation used may be 
included in the calculation. However, the AENA“ values calcu- 
lated for the best preparations would speak for minimum con- 
tamination from this source. The results obtained for the four 
best preparations of cytochrome b were 280,000, 150,000, 200,000 
and 270,000. Table III compares the particle size calculations 
with the calculated AE. values. 

The cytochrome b preparations obtained with this procedure 
were sometimes unstable. Often after 2 hours at room tempera- 
ture the preparation became cloudy and precipitation occurred. 
After centrifugation of this material, a bright red insoluble 
precipitate was obtained. This occurred only in those cases in 
which the protein concentration of the preparation was relatively 
high. Preparations with low protein levels were stable up to 4 
days when stored at 0-5°. 


DISCUSSION 


As is evident from the analytical data, the method presented 
for the isolation and purification of mammalian cytochrome b is 
not entirely reliable. This is probably due to the rather poorly 
defined hydrolytic enzyme preparations which were employed 
in the purification. This lack of knowledge also precludes any 
definitive statement as to the nature of the cytochrome b linkage 
in the mitochondria or the nature of the bonding between cyto- 
chrome b and cytochrome ci. However, during the course of 
this work, Ambe and Crane (18) reported on the action of a 
phospholipase on the phospholipid-cytochrome c complex in the 
electron transport particle. Digestion of this particle with the 
enzyme resulted in a liberation and solubilization of cytochrome 
c which these investigators felt was primarily due to the cleavage 
of the phospholipid-cytochrome c complex. An analogy may be 
drawn to this study, and it is suggested that cytochrome b may 
be linked to a phospholipid in the mitochondrion. 

There can be no doubt that the purified cytochrome b obtained 
in these studies is capable of undergoing reversible oxidation and 
reduction. The presence of this property is by no means a suffi- 
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cient criterion to eliminate the possibility that the cytochrome 
b has been “denatured” by the action of the enzymes employed 
or any of the other steps in the procedure outlined above. How- 
ever, no binding of carbon monoxide could be observed, and in 
all cases, dithionite-reduced absorption spectra indicated peaks 
at values corresponding to cytochrome 6. In no instance was 
there any indication of a shift in absorption peaks toward the 
high wave length as reported by Chance (10) for a “modified” 
cytochrome b. Further work with reconstituted systems would 
be necessary to elucidate this point. The finding that the oxida- 
tion-reduction potential for this preparation is in the range 
recently reported for mammalian cytochrome b by Colpa-Boon- 
stra and Holton (11) would also speak for a functionally active 
preparation. The inability of succinate to reduce this cyto- 
chrome b preparation because of the absence of succinic dehydro- 
genase, coupled with the lack of cytochrome e oxidase activity, 
would indicate an enzymatically inert cytochrome ö preparation. 
This lack of enzymatic action may be due to the absence of a 
proper electron donor, acceptor, and/or cofactor. 

Although any claims concerning the purity of the cytochrome 
b preparations obtained in this study must of necessity rest 
almost entirely upon their spectral characteristics, it is felt that 
this consideration, in conjunction with the other findings re- 
ported, would at least speak for the absence of any other cyto- 
chrome component. The fact that the analytical data indicate 
gross (differences in AE%3' values, while the absorption spectra 
for each of the preparations were found to be qualitatively simi- 
lar, would suggest that there is a noncytochrome b protein present 
(added protease?). Until electrophoretic and ultracentrifugal 
studies can be carried out, it is obvious that the cytochrome 5 
preparation obtained in this study must tentatively be described 
only as “spectrally pure.“ 


1. A method has been developed for the isolation of a soluble 
mammalian cytochrome b of beef heart origin. Initial solubiliza- 
tion of the cytochrome 6 component from an insoluble heart 
muscle preparation was achieved with successive extractions 
employing 0.6 and 0.8% sodium deoxycholate. 

2. High speed centrifugation, digestion of the resultant pellet 
with phospholipase A (Crotalus adamanteus), and subsequent 
ammonium sulfate fractionation led to a soluble cytochrome 
ber “particle.” On the basis of sedimentation studies, the 
particle size of this preparation was estimated to be approxi- 
mately 350,000 + 50,000. 

3. Digestion of this cytochrome b-c, “particle” with a crude 
pancreatic protease and subsequent ammonium sulfate fractiona- 


D. Feldman and W. W. Wainio 1 


tion resulted in a soluble cytochrome b preparation with absorp- 
tion peaks in the reduced form at 560 to 562, 530 to 532, and 
428 to 430 mu. A peak wan sean ot 438 to 414 my 
in the oxidized state. 

4. The cytochrome ô preparation was free of any spectral con- 
taminant, as well as of succinic dehydrogenase and cytochrome 
oxidase activity. However, some sodium deoxycholate was 
present in all cases. 

5. The particle size calculated from extinction values and 
protein content was estimated to be approximately 175,000 + 
25,000. The calculated extinction AE%2' at 560 mu was 132 
for the best preparation. 

6. The spectrum of the pyridine hemochromogen was identical 
to that of pyridine ferroprotoporphyrin IX. 

7. Preliminary determinations of the oxidation-reduction po- 
tential of the isolated cytochrome b indicated values ranging 
from +60 to +78 mv, with the use of a ferri-ferro oxalate system 
at pH 7.0 in Tris buffer. 
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Cytochrome c can be hydrolyzed to yield heme peptides in 
which the iron porphyrin and peptide components are firmly 
coupled via thioether bridges. Alteration of the conditions of 
hydrolysis or of the source material from which the cytochrome 
c is derived permits the isolation of peptides of different compo- 
sition, and the opportunities for the introduction of further spe- 
cific modifications are sufficiently good that it may be possible to 
compare systematically the linked functions (1) of a series of 
heme peptides of selectively varied structure. 

Such a comparison seems desirable in relation to the analysis 
of linked-function data for protein-containing systems. It has 
been a common practice to attempt the identification of the 
nature of linked groups in heme proteins largely or even solely on 
the basis of equilibrium constants for summed reactions. This 
can be a precarious procedure, especially when dealing with 
reactions of indeterminate complexity, and certain of the conclu- 
sions recorded in the literature seem indeed puzzling and in- 
consistent. There is need for additional experimental informa- 
tion, particularly, at this juncture, information on simpler 
systems of defined structure and state. 

It remains to be seen with what effectiveness. the potential 
advantages of the heme peptides from cytochrome c can, in this 
connection, be realized in practice. Much depends on as yet 
unassessable factors—for example, the feasibility of consistently 
adequate control of the state of aggregation. In the present 
communication we extend data reported previously (2) and com- 
pare the oxidation-reduction potentials and absorption spectra of 
heme octa- and undecapeptides in solutions containing imidazole. 


EXPERIMENTAL PROCEDURES AND RESULTS 


Materials—The present studies were carried out largely with 
peptides derived from cytochrome c of horse heart, but measure- 
ments were made also with material from a beef heart prepara- 
tion. All cytochrome c was obtained from the Sigma Chemical 
Company. The horse heart preparation was used as received. 
Beef heart cytochrome c was purified before use by ion exchange 
chromatography (3). 

Pepsin-catalyzed hydrolysis of beef heart cytochrome c, first 
studied by Tsou (4), leads to the formation of a heme undeca- 
peptide (HP,) i which has been shown by Tuppy and Paléus (5) 


* This study was aided by a grant from the National Science 
Foundation. 

t Predoctoral Fellow of the National Heart Institute, United 
States Public Health Service. 

1 The following abbreviations are used: HP,, the heme undeca- 
peptide obtained upon pepsin-catalyzed hydrolysis of beef or 
horse heart cytochrome c; HP,, the heme octapeptide obtained 


to have the following sequence of amino acids: 
Iron Porphyrin 
Val His. Thr. Val. Glu 


The same sequence has been demonstrated by Margoliash et d 

(6) and by Tuppy? for the corresponding compound from hom 

heart cytochrome c, and the two preparations will be treated 

here as a single entity. Trypsin-catalyzed hydrolysis of this 

heme undecapeptide results in removal of the N-terminal » 

—_ Val.Glu(NH;). Lys (5), and the following heme octapep 
tide (HP,) may be isolated : 


Porphyrin 
Cys.Ala.Glu(NH:).Cys.His.Thr.Val.Glu 


The preparative procedures used in the work reported hen 
differed somewhat from one time to another, but basically wer 
those described by Tsou and by Tuppy and Paléus. The fol 
lowing will serve as example. A solution of 2 g of horse heart 
cytochrome c and 40 mg of twice crystallized pepsin in 200 ml of 
water was brought to pH 1.5 with HCl and was incubated for 12 
hours at 27°. Another 40 mg of pepsin were added, and th 
incubation continued for an additional 14 hours. At the end d 
this period the pH was adjusted to 8.5 and ammonium sulfate 
was added at 4° to a final concentration of 4.6m. The resulting 
precipitate was collected by centrifugation, dissolved in 110 1 
of 10-* M ammonium hydroxide, and subjected to successive 
addition, slowly and with stirring, of 500 ml of 4.2 M ammonium 
sulfate and 19 ml of 1.2 M trichloroacetic acid. The precipitate 
which formed was collected by centrifugation and dissolved i 
40 ml of 10 M ammonium hydroxide. After dialysis for 2 
hours against 10-? M ammonium hydroxide, the solution ws 

A mixture of 4 parts n-butanol, 1 part acetic acid, and 5 part 
water was prepared, and 16 ml of the aqueous phase of this mi 
ture, followed by 70 ml of the nonaqueous phase, were added t 
39 g of thoroughly washed and dried Hyflo Super-Cel. Tk 
resulting slurry was used to prepare a column, 2 cm in diameter 
and 40 cm high, to which the; lyophilized material, dissolved i 


upon trypsin-catalyzed hydrolysis of HP,; HP, v, HP, treated 
with nitrous acid as described in text; Im-HP,, the system HP, + 
0.05 M1 imidazole; Im · HP, the system HP., + 0.05 M imidasok; 
Im- HP, avs, the system HP,. + 0.05 M imidasole; NH- 
HP., the system HP, + 0.12 mw ammonia; NH, - HP, the syste 
HP., + 0.12 m ammonia. The prefixes ferri- and ferro- are un 
to designate states of oxidation only. 
2 Personal communication. 
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I 
Amino acid analysis of heme peptides 


Undecapeptide 
Amino acid Treated Octapeptide*® 
heart | heart | with, 
Lysine... 0.96 1.02 0.35 0 
+ 1.01 | 1.00 | 1.00 0.97 
Threonine? .............. 0.83 | 0.91 | 0.95 0.92 
Glutamic acid........... 2.87 2.97 2.99 1.98 
r 1.06 | 1.06 | 1.00 1.10 
n 2.11 | 1.98 | 1.02 1.01 
Cysteic acid............. 0.95 | 0.85 
Half-cystine............. 0.29 | 0 1.42 0.53 
Aspartic acid............ 0.13 | 0.06 | 0 0.14 
o 0.14 | 0.21 | 0.06 0.20 
u. d | Slveine- 0.08 | 0.06 | 0 0.19 
Isoleucine. .............. 0 0 0 0.10 
sh et M Leueine 0 0 0 0.09 
m hom] Arginine 0 0 0 0 
treats; Methionine sulfone. ..... 0 0 0 0 
of this Proline 666646 0 0 0 0 
mal u. Methionine 0 0 0 0 
Taso 0 0 0 0 
ctapep pbenylalanine 0 0 0 0 


The measured values were adjusted to residues per mole of 
peptide by a constant multiplying factor obtained from the fol- 
lowing five amino acids assuming a composition Lys,;His;Glu;- 
Ala Val: 

»The measured values were adjusted to residues per mole of 
peptide by a constant multiplying factor obtained from the fol- 
lowing four amino acids assuming a composition His, Glus Ala: · 
Val: 

»The measured values were adjusted to residues per mole of 
peptide by a constant multiplying factor obtained from the fol - 
lowing four amino acids assuming a composition His, Glu, Ala - 
Val; . 

Values not corrected for loss on hydrolysis. 


12 ml of the nonaqueous phase, was added. Nonaqueous phase 
was applied at a rate of 1 ml per 15 minutes, the effluent con- 
taining the main colored band collected, and the pigment ex- 
tracted from the nonaqueous phase by addition of ammonium 
hydroxide. The final pH was 9. After dialysis for 22 hours 
against 10-* M ammonium hydroxide, and for 6 hours against 
water, the solution was lyophilized. The resulting material, 


Conversion of HP, to HP,, was carried out as follows. A 
solution containing 98 mg of HP, and 10 mg of twice crystallized 
trypsin in 45 ml of 5 Xx 10 u ammonium hydroxide was in- 
cubated for 12 hours at 38° in a dialysis sack suspended, with 
stirring, in 5 X 10-* M ammonium hydroxide. At the end of 
this period, another 5 mg of trypsin were added, and the incu- 
bation continued an additional 12 hours. The solution was 
taken to 100° for 5 minutes, lyophilized, and then subjected to the 
procedures outlined in the preceding paragraph. 

Quantitative amino acid analysis* by the technique of Moore, 
Spackman, and Stein (7) gave the results shown in Table I. 
un HP, from beef heart and HP, from horse heart were treated with 


*We are grateful to Dr..Frederic M. Richards of this depart- 
ment for the analyses here reported. 
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products of the iron porphyrin were not removed from the solu- 
tion. In the case of the other two samples, the performate 
treatment was omitted. Iron analysis yielded the following 
values: HP, (beef heart), 2.95%; HP, (horse heart), 2.97%; 
HP,, 3.51%. Calculated values, depending on the formulas 
assumed, range as follows: HP., 2.91 to 2.97%; HP,, 3.51 to 
3.59%. 

HP vo, represents a sample of horse heart HP, treated 
with nitrous acid under the conditions used by Vithayathil and 
Richards in work with a peptide from ribonuclease (8). The 
aim was selectively to convert the a-amino group, but, as may 
be seen, there occurred also extensive conversion of the e- amino 
group. Experiments with shorter reaction times have not yet 
been carried out. 

Pepsin and trypsin were obtained from the Worthington Bio 

Measurements—The procedures and apparatus used in oxida- 
tion-reduction potentiometry were essentially those described 
earlier (9). Absorption spectra were recorded with Cary model 
11 and Spectracord model 3000 spectrophotometers. 


All values of E., are based on complete titrations, carried out | 


with concurrent measurement of potentials and spectra. Fig. 1 
shows a representative set of absorption curves, recorded in the 
course of a reductive titration. The corresponding potentials 
are indicated in Fig. 2. Dilute samples were used in order to 
favor the monomeric state; the concentration of heme peptide 
in different titrations ranged from 5 X 10-* M to 1.5 Xx 10 ˙ M. 
The “electromotive activity of the systems under study varies 
with the groups occupying coordination positions about the heme 
iron (10), but Im- HP, and Im-HP,, von, like Im-HP, (D, are 
“active” under the conditions employed, and with these com- 
pounds the use of mediators has not been necessary. Along the 
central portion of a titration curve, equilibration between elec- 
trodes and solutions occurred rapidly, usually in a matter of 
minutes, and the results obtained agree well with those predicted 
for a reversible one-electron oxidation-reduction system: 

RT. (Ox) 

E. = B. ＋ 7 In fed) 


E. is the potential of the hali- reduced system. At pH 0, FE. 
Eo. A representative set of data is shown in Table II. 


(1) 


Fig. 1. of Im · HP, recorded in the course of a reductive 
'» 1X 10-* u; pH 7.07; tem , 30.0°; 1-cm 
cuvette. Percen of reduction: A, 100%; B, 81.3%; C, 60.5%; 
D, 52.8%; E, 45.2%; F, 39.6%; G, 23.6%; H. 8.3%; J. O00. 
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O O 20 30 4 50 60 70 80 90 100 
PER CENT REDUCTION 
Fic. 2. Reductive titration of Im-HP,. HP, = 1 X 10-° M; 
pH 7.07; temperature, 30.0°; reducing agent, sodium dithionite. 
Solid line, theoretical curve for n = 1, E. = —0.200 volt; O, ex- 
perimental points with percentage of reduction calculated from 
volume of reducing agent added; A, experimental points with 
percentage of reduction calculated from spectra shown in Fig. 1. 


TABLE II 
Reductive titration of ferri Im · HP,. 

Titration of ferri Im- HP with sodium dithionite at 30° and 
at pH 10.80. HP, = 1 X 10-5 m; volume of sample = 10 ml; 
(y d) = volume of titrating agent added, corrected by the 
method of Reed and Berkson (14, 15); E, calculated with n = 1; 
d = +0.0125 ml; at 100% reduction, (% — d) = 0.0390 ml. 


(y—4) | Reduction | Ey observed | Em calculated | Deviation from 
ml % volt volt volt 
0.0015 3.85 —0.1585 (—0.2425) —0.0157 
0.0045 11.54 —0.1755 —0.2286 —0.0018 
0.0075 19.23 —0. 1880 —0.2254 +0.0014 
0.0105 26.92 —0.2011 0.2272 —0. 0004 
0.0135 34.62 —0.2108 —0.2274 | —0.0006 
0.0165 42.31 —0.2181 —0.2262 ＋0. 0006 
0.0195 50. 00 0.2278 —0.2278 —0.0010 
0.0225 57.69 —0.2353 —0.2272 —0.0004 
0.0255 65.38 —0.2439 —0.2273 —0.0005 
0.0285 73.08 —0.2536 —0.2275 —0.0007 
0.0315 80.77 —0.2634 —0.2260 +0.0008 
0.0345 88.46 —0.2774 —0.2243 +0 .0025 
0.0375 96.15 —0.2922 (0.2082) 70.0186 

Average —0. 2268 


Potentials for the system ferri Im-HP,,-ferro Im-HP,, have 
been determined over a range of pH from 4.6 to 12.8, and the 
results are summarized in Table III. Included in the values 
listed are a number obtained with samples each titrated at two 
or more values of pH, the changes in pH for different samples 
being effected in opposing directions and covering overlapping 
parts of the scale. The potentials so determined were found to 
agree well with one another and with the results obtained with 
samples each titrated at one value of pH only. The observed 
variation of potentials with pH appears thus to reflect reversible 
effects, and Equation 2 may be written as the simplest relation- 
ship between E. and pH consistent with the data at hand (11): 


En . + (2) 


where z represents 
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(H*+)((H*)? + K’n(H*) + KHK) 


(H/) + K. 


This equation applies to the range of pH 4.6 to 12.8. E, is 
potential which the half- reduced system would have at pH 
were AE,, /ApH constant at —0.120 volt per pH unit to pH 9, 
„ is an apparent equilibrium constant for an oxidation-linked 
proton function in ferri Im- HP.. A’, and K“, : are apparent 
equilibrium constants for oxidation-linked proton functions i, 
ferro Im · HP.. In Fig. 3 the experimentally determined valys 
of E., are plotted against pH and are compared with the curp 
described by Equation 2 upon assignment of the following cop. 
stants: E. = +0.433 volt; K“, = 7.2 x 10 Ki = 20 y 
10-5; K,: = 7.0 X 107. Differences between observed an 
calculated values of E, are given in Table III. 


TABLE III 
E,, values for ſerri Im · HP, ſerro Im -· system at 30° 

pH Bufter* | ing | Em observed |Em calculated 
agent calculated 

volt volt colt 

4.59 J A —0.098 —0.103 +0 .005 
5.18 I A —0.148 —0.151 +0.008 
5.89 II A —0. 186 —0. 193 +0.007 
6.28 II, III B —0. 199 —0.204 +0.005 
6.32 III B —0. 206 —0. 205 —0. 001 
7.12 III B —0.221 —0.217 —0.004 
8.03 III B —0.217 —0.219 7＋0. 002 
8. 80 IV B —0.218 —0.219 +0.001 
10.22 V B —0.226 —0.222 —0.004 
10.50 V B —0.223 —0.225 +0.002 
10.80 V B —0.227 —0.229 +0.002 
11.35 * B —0.250 —0.244 —C.006 
11.70 * B —0.255 —0.258 +0.08 
11.97 B —0. 269 —0.273 +0.004 
12.35 * B —0. 300 —0. 293 —0.007 
12.64 V. VI B —0.312 —0.310 —0.002 
12.80 VI B —0.331 —0. 320 —0.011 


I. HC. H. O: H, O:; II. KH:PO.-K:HPO,; III, imidaso 
lium chloride - imidazole; IV, H. BO, -KH-: BO,; V. K. HPO. -K. NU. 


VI. KOH. 


t A, semiquinone of methyl viologen; B, sodium dithionite. 


pH 


Fic. 3. pH-Dependence of the oxidation-reduction potentia 


of half-reduced ferri Im HP ferro Im- HP and half-reduce 
ferri Im · HP vo- ferro Im · Temperature, 
The line represents Equation 2 with K“. = 7.2 X 10, K'n 
2.0 X 10-5, XK“ = 7.0 Xx 10°’. O, experimental points for 
HP.; A, experimental points for Im- HP 
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The data for Im- HP, were obtained with material from horse 
heart, whereas those previously reported for Im-HP, pertain to 
peptide from beef heart. It is assumed that HP, from the two 
source materials may be used interchangeably for purposes of the 
present experiments, and detailed comparisons of this peptide, 
prepared, on the one hand, from horse and, on the other hand, 
from beef, have not been made. All spectra recorded thus far 
for horse heart systems are, however, indistinguishable from those 
obtained with the corresponding beef heart material. Spot- 
check comparisons of the potentials of Im-HP, from horse and 
from beef, carried out at several values of pH, fail also to reveal 
any differences. Data for ferri Im-HP,-ferro Im-HP, from 
horse heart are given in Table IV and are compared in Fig. 4 
with previous results (2) for the corresponding beef heart system, 
corrected 0.006 volt to take into account an error in calibration. 

In Table V are presented results obtained upon titration of 
Im-HP,, vos, with the use of a sample with a third of an e- amino 
group per mol of peptide, and no a- amino group (see Table I). 
These results differ significantly from the corresponding data for 
Im-HP,, but are in good agreement (see Fig. 3) with the results 
It would appear that in Im-HP,, but 
not in Im- HP,, an amino group, most probably the a- amino 
group, comes into play over the lower part of the pH range 
studied 


obtained with Im-HP,,. 


The same conclusion follows from an inspection of 

spectra: curve A of Fig. 5 shows the spectrum of 2 X 10 M 
ferro Im-HP, at pH 4.0, curve B that of 2 x 10-5 M 
ferro Im-HP,, at pH 4.3. The sample of Im- HP. vo, used in 
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Tasie IV 
E. values for ferri Im-HP,-ferro lm-HP, system at 30° 
pH Buffer® 1 Em observed Em calculated ava ti 
agent calculated 
volt volt volt 
5.63 II B —0. 166 —0. 164 —0.002 
7.07 II, III B —0.201 —0.201 0 
7.97 II, III B —0.211 —0.211 0 
8.75 IV B —0.213 —0.213 0 
10.57 V B —0. 197 —0. 196 —0.001 
10.78 V B —0. 198 —0. 196 —0. 002 
12. 70 V. VI B —0.286 —0.278 —0.008 


tential 
reduce: 
K* 
for 


* Buffers as indicated in Table III. 
t Titrating agent as indicated in Table III. 


Fic. 4. Comparison of potentials of ferri Im-HP,-ferro Im-HP, 
from horse heart and from beef peptide 
prepared from beef heart; ©, heme peptide prepared from horse 


pH 


heart. Solid line, heme 


TaBLe V 
E. values for ferri Im · HP, uno,-ferro Im · HP, ano, system at 30° 


Titre 
pH Buffer® ing Em observed calculated En 

agent 

volt vol volt 

4.32 1 A —0. 087 —0. 077 —0. 010 
4.70 1 A —0. 120 —0.114 —0.006 
6.00 I, II A —0. 197 —0. 196 —0.001 
6.78 II, III A —0.214 —0.214 0 


* Buffers as indicated in Table III. 
t Titrating agent as indicated in Table III. 
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Fic. 5. Spectra of ferro Im-HP, and ferro Im-HP,, near pH 4; 
em cuvette. Buffer, 0.05 4, 2 X 
ferro HP, pH 4.0, 30°; B, 2 X 10-* u ferro HP, pH 4.3, 30°. 


these studies yields a spectrum similar to B. In the absence of 
added ligands other than imidazole, only HP,-containing solu- 
tions have been observed to display “hemochromogen”’-type 
bands at these low values of pH. The bands are the more pro- 
nounced, the more concentrated the solution, suggesting that the 
interaction encountered is at least in part intermolecular in 
nature. 

The variation of the Soret spectrum of ferri Im-HP, with 
change in pH has been discussed previously (2). Much the same 
pattern is observed with ferri Im- HP save one important dif- 
ference: with Im-HP,, the movement of the absorption maxi- 
mum from 406 my to lower wave lengths, seen as the pH is 
lowered, occurs at less acid pH than is the case for Im HP., The 
same is true of the corresponding change in absorption at longer 
wave lengths, at which the maximum shifts from 530 my to 495 
mu (Fig. 6). In ferri Im- HP,, the 406 my and 530 my bands 
are largely gone once the pH is lowered to 5, but in ferri Im-HP, 
significant absorption at these wave lengths still may be seen 
at values of pH as low as 4. Like the reduced form, but unlike 
either ferri- or ferro Im · HP, „ ferri Im-HP, at these lower values 
of pH appears to be subject to aggregation. 


Fig. 7 serves to compare the potential-pH relationships dis- 
played by Im-HP, and Im- HP,. Knowledge of the difference 
between two such relationships is useful, of course, in the analysis 
of each individually, and comparisons of this sort can aid greatly 
in the resolution of questions with which we are here concerned. 
It is clear, however, that conclusions must be drawn with cau- 
tion: even a minor alteration in structure or composition may 
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Fic. 6. Change with pH in the visible region of the spectrum 
of ferri Im- HP.. Ferri HP, = 5 X 10-* M; no buffer; room 
temperature; l-cm cuvette; titrating agents, KOH and HCl; 
anaerobic conditions (2). A, pH 9.1 and 7.3; B, pH 6.2; C, pH 5.6; 
D, pH 5.3; E, pH 4.8; F, pH 3.9; G, pH 3.1; H, pH 1.6. 


Fic. 7. E. - pH curves. A, ferri Im-HP,-ferro Im-HP,; B, 
ferri Im-HP,,-ferro Im · HP. 


constitute a multiple change in variables, and the results of any 
one comparison, taken singly, might well permit alternative 
deductions. Detailed interpretations properly are deferred un- 
til there is available an assembly of intercomparisons, and ac- 
cordingly we confine ourselves here to a statement of some 
working hypotheses which guide our further studies. 

The present comparison bears principally upon the role of 
lysine. In a working hypothesis advanced previously for ferri 
Im-HP,-ferro Im-HP,, pK’, = 9.8 and pK’, = 10.5 (z and y in 
curve A, Fig. 7) were assigned to oxidation-linked proton equilib- 
ria involving the peptide’s single ¢-amino group (2). This 
e- amino group is absent in HP,: 


Val. Glu( NH-). Lys. Ala.Glu(NH:).Cys.His.Thr.Val.Glu 


and the data now at hand for Im-HP,, thus constitute a first 
check on the validity of such a formulation. If the assignments 
to the lysine of Im-HP, are made correctly, then the removal of 
this residue, all else remaining constant, should lead to deletion 
of the “hump” seen in the E. - pH curve for ferri Im-HP,-ferro 
Im-HP, at alkaline pH. As indicated in curve B, Fig. 7, this 
is indeed the case. The potentials recorded for Im- HP,, are 
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accounted for by specification of but a single — 
proton function, pK’, = 11.1. 

It thus continues to seem a reasonable hypothesis that lysing 
is involved in the linked functions of Im · HP, reflected in pk’, 
9.8 and pK’, 10.5. Obviously, however, removal of the sequence 
Val. NH-). Lys cannot arbitrarily be equated with specif 
deletion of the e-· amino group, and it will be of interest to see how 
Im- HP,, compares with a preparation of Im-HP, from which 
the e- amino group alone has been eliminated. For observations 
which bear on the validity of portraying (2) the oxidation-linked 
reactions of lysine as involving an exchange in peptide group 
occupying coordination positions about the iron porphyrin, se 
another report (10). 

The constant for Im- HP,, pK’, = 11.1, is the same as that 
calculated previously for an oxidation-linked proton function ig 
ferri Im-HP, (z, Fig. 7), and assigned, in the working hypothesis 
for that system, to ionization of the added imidazole in cog,. 
dination position 6 about the ferriporphyrin prosthetic group, 
A pK’ of 11 is, of course, a considerably higher value than that 
attributed by Coryell and Pauling (12) to the ionization o 
ferriporphyrin-coordinated imidazole in ferrihemoglobin (pK at 
30° = 6.7), and is higher also than that reported for the ioniaatim 
of added imidazole in the probably more relevant system, ferr- 
imidazole hemoglobin (pK at 25° = 9.5; Russell and Pauling 
(13)). The assignment seems consistent, however, with all dats 
thus far collected for the heme peptides which are the objects d 
this study. Adoption of the most obvious of the alternative 
formulations, a displacement of coordinated imidazole by hy- 
droxide, leads to apparent complications. Thus (10), ferri HP,, 
at pH 12.5 has a Soret band at 399 my, and at longer wave lengths 
a band centered at about 565 mu, whereas ferri Im-HP,, and 
ferri Im-HP, at this pH display maximal absorption at 410 mg 
and 537 mu. Or again, the potentials of ferri NH3-HP,-ferr 
NH; - H, are essentially invariant over a range of pH from 10 
to 12, whereas those recorded for NH;-HP,:, Im-HP,, and 
Im- HP., indicate in each instance the presence in this range of 
an oxidation-linked proton function (10). Only the first system, 
NH. - HP,, is postulated at pH 11 to be predominantly in a form 
not containing imidazole in a coordination position about the 
iron porphyrin, these positions presumably being taken by am- 
monia and by an e- amino group. Both the potentiometric results 
and the spectrophotometric data are accounted for most simply 
if it is assumed that in the present dinitrogenous base systems 
the removal of a proton from iron-bound imidazole takes preced- 
ence over the displacement of one of the nitrogenous ligands by 
hydroxide. 

It may be noted that in ferro Im-HP,, no function attribut- 
able to ionization of ferroporphyrin-bound imidazole has been 
observed below pH 12. With the corresponding reaction in the 
oxidized system assigned a pK’ as high as 11, this is readily u- 
derstandable. 

It might be expected that conversion of HP, to HP., leads not 
only to elimination of the e- amino group, but also to an important 
change in reactivity of the a-mino group: the location of th 
q- amino group along the peptide chain is altered a distance d 
three residues, and further, it happens that in HP., the V. 
minal residue forms part of a complex ring structure. The dats 
at hand would seem to support this view. As shown in Fig. 7, 
the potential-pH curves for Im-HP, and Im-HP,, differ 1 
only at alkaline pH, but also in the range of pH from 5 to “. 
This difference at acid pH was not observed when the potential 
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of Im HP., were compared with those of a sample of Im- 
Hp. vos (Fig. 3), suggesting that with Im-HP,, but not with 
Im- HP,, oxidation-linked proton equilibria of an amino group 
are being encountered. It cannot be said with certainty that 
the effect is ascribable solely to the a-amino group, for the sample 
of Im-HP >», vo, used in these studies was one in which not only 
the a-amino group, but also some two-thirds of the e- amino 
group, had been converted (Table I). There is little doubt, how- 
ever, that the role of the a-amino group at these values of pH 
is a major one. 

Spectrophotometric observations lead to comparable con- 
clusions. Thus, 1 X 10-5 m ferro Im- HP, at a pH as low as 4 
still displays a hemochromogen'ꝰ type spectrum, with bands at 
551 mp and 522 my, but ferro Im-HP,, and ferro Im- HP. v 
at the same concentration yield spectra which, below pH 4.5, 
have lost all “hemochromogen” character. Similarly, for the ox- 
idized state, the transition in the Soret maximum from 406 my 
to shorter wave lengths requires a more acid pH in the case of 
Im-HP, than in the case of either Im-HP,, or Im- HP, vos 
The same is true of the corresponding shift in the visible region 
of the spectrum. 

Related evidence comes from systems free of added imidasole. 
The Soret spectrum of ferri HP, at pH 7 indicates clearly that 
this peptide is subject to aggregation at concentrations greater 
than 4 Xx 107 M (2). On the other hand, ferri HP,, and ferri 
HP vo, appear still to be monomeric at concentrations as high 
as 1 X 10-§ M. This difference is seen also at longer 
wave lengths. At values of pH from 5 to 8.5, ferri HP, at a con- 
centration of 1 Xx 10-5 M displays maximal absorption at 527 
mu, whereas under the same conditions, ferri HP, absorbs 
maximally at 495 mu. 

It is clear that our initial working hypothesis for Im-HP, 
must be revised insofar as events below pH 7.5 are concerned. 
The effects of amino group interaction in Im-HP, extend to 
lower pH than had been supposed, and it seems probable that, 
at values of pH near the isoelectric point, intermolecular inter- 
action occurs in this system even at concentrations as low as 1 * 
10-*m. The possibility is not excluded, of course, that at higher 
pH there occurs intramolecular coordination of the a-amino 
group, but a postulate to this effect cannot at this time be in- 
cluded in a formulation intended to be the simplest permitted by 
the data. We thus delete the a-amino group from the list of 
intramolecular ligands in Im-HP, and assume that in Im-HP,, 
as in Im · HP,, the predominant species at pH 7.5 is one in which 
coordination positions 5 and 6 are occupied by the imidazole 
group of the peptide and by added imidazole, respectively. 

The proton equilibria at values of pH above 7.5 are then writ- 
ten as follows: 


Ferri Im · Hp,: 
HIm 10.5 Him 
HIm H* -NH. 
NH.“ HIm 


‘In schematic representations of proton equilibria, Im = 
imidazole without nitrogen-bound hydrogen (in the free state, 
the anion of imidazole); HIm = imidazole with one nitrogen- 
bound hydrogen atom (in the free state, neutral imidazole) ; iron 
porphyrin is represented by a horizontal line; the group of the 
peptide coordinated to the iron porphyrin is shown directly under 
the horizontal line, other pertinent groups of the peptide are 
written beneath this group, and the entity occupying the other 
available coordination position about the iron porphyrin is shown 
directly over the horizontal line. 
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HIm 11.1 Im 
«NH; H* «NH; 
HIm HIm 
Ferro Im-Hp,: 
Him 9.8 HIm 
HIm H* «NH; 
NH.“ HIm 
Ferri Im · 
HIm H* HIm 
SUMMARY 


The oxidation-linked proton functions of a heme octapeptide 
and a heme undecapeptide in solutions containing imidazole have 
been compared over a range of pH from 4.6 to 12.8. The pep- 
tides were obtained by enzymic hydrolysis of horse and beef 
heart cytochrome c and differ in composition by a sequence of 
three amino acid residues, Val.Glu(NH:).Lys, comprising the 
N-terminus of the undecapeptide. 

At values of pH above 7.5, a single oxidation-linked proton 
function is displayed by the imidazole -heme octapeptide system, 
whereas three such functions are seen with imidazole heme un- 
decapeptide. This difference is interpreted as supporting an 
earlier working hypothesis that the pK’ values of 9.8 and 10.5 
observed with imidazole -ferro- and imidazole -ferri heme undeca- 
peptide reflect proton equilibria involving the e- amino group of 
that system. Imidazole-heme octapeptide contains no ¢-amino 
group, and the one function with pK’ 11.1, like the constant of 
that value observed with imidazole-heme undecapeptide, is 


attributed to a proton equilibrium involving ferriporphyrin-co- 


ordinated imidazole. 

At values of pH below 7.5, oxidation-reduction potentiometry 
of imidazole-heme octapeptide reveals a net of two oxidation- 
linked proton functions for the reduced form, with pK’ 4.7 and 
6.2. Imidazole-heme undecapeptide exhibits a more complex 
behavior, which is interpreted as reflecting in part the occurrence 
of intermolecular coordination. 
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Interaction of Nitrogenous Ligands with Heme Peptides 
from Mammalian Cytochrome c* 
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In our previous reports on studies with heme peptides from 
cytochrome c, attention was focused primarily on effects of 
changes in peptide structure (1, 2). Parallel experiments are in 
progress in which changes are introduced in nonpeptide compo- 
nents of the systems under study. The present communication 
concerns observations on effects of variation in the nature of 
added ligands. 

EXPERIMENTAL PROCEDURE AND RESULTS 

Materials The studies here outlined were performed prin- 
cipally with a heme octapeptide (HP, ) i and a heme undeca- 
peptide (HP,) from cytochrome c of horse heart: 


Iron Porphyri 
Val. Glu( NH,.) . Lys. Cys. Ala. Glu( NH.) . Cys. His. Thr. Val. Glu 
— 
| 
HP, 


Preparative procedures and analytical results were reported 
previously (2). 

Measurements—Oxidation-reduction — was car- 
ried out as described earlier (1-3). All values of E., are based on 
complete titrations, performed with concurrent observation of 
potentials and spectra. Spectra were recorded with Cary model 
11 and Spectracord model 3000 spectrophotometers. 

HP,, at a concentration of 1 X 10-5 M appears to be essentially 
monomeric under the conditions of the present experiments. Its 
Soret spectrum, unlike that of HP, (1), but like that of HP, 
modified by acetylation (1) or by treatment with nitrous acid 
(2), gives no evidence of polymer formation at this concentration; 


oundation. 
t Predoctoral Fellow of the National Heart Institute, United 
States Public Health Service. 

1 The following abbreviations are used: HP., the heme undeca- 
peptide obtained upon pepsin-catalyzed hydrolysis of beef or 
horse heart cytochrome c; HP, the heme octapeptide obtained 
upon trypsin-catalyzed hydrolysis of HP,; HP, vos, HP, treated 
with nitrous acid (2); Im-HP,, Im · HP, etc., the heme peptide 
indicated plus 0.05 u imidazole; Pyr - HP, Pyr - HP, etc., the 
heme dope indicated plus 0. 12 u pyridine; NH;-HP,, NH. 
HP., etc., the heme peptide indicated plus 0.12 u ammonia; 
Gly-HP,, Gly: HP., etc., the heme peptide indicated plus 0.05 u 
glycine; Piperidine- HP,, Piperidine- HP,,, etc., the heme peptide 
indicated plus 0.05 M piperidine. The prefixes ferri- and ferro- 

states of oxidation only. 


solutions of the reduced form show no “hemochrome”’-type band 
(Fig. 1, curve A); and oxidation-reduction potentiometry at pH 
values from 5.5 to 12.5 has yielded results in good agreement with 
the relationship for a one-electron system: 


(Ox) 
E = E. + In (Red) (1) 


A representative titration is summarized in Table I. Speetn 
recorded in the course of titrations are fully compatible with the 
assumption of a simple, two-component (oxidant = reductant) 
system (see Fig. 1). 

Ferri HP,,-ferro HP,, is an “electromotively active” system 
over the range of pH from 5.5 to 12.5, and measurements were 
made without the use of mediators. The results are given in 
Table II. As in other studies of the pH-dependence of potential 
and spectra, care was taken to ascertain (1, 2) that the effects 
under observation are reversible. Equation 2 is the simplest 
relationship between E,, and pH consistent with the data at 
hand (4). K’, and K’, are apparent equilibrium constants for 

RT. (H*)((H*) + K 
E.+ In (H*) + K. (2) 
oxidation-linked proton functions in ferri HP., and ferro HP., 
respectively. E,. is the potential which the half-reduced system 
would have at pH 0, were there no net oxidation-linked proton 
functions at values of pH below those covered in this study. In 
Fig. 2 the experimental values of E., are plotted against pH and 
are compared with the curve described by Equation 2 upon as 
signment of the following constants: E. = +0.176 volt; K. 
1.1 X 10-°; K’, = 3.6 X 107. Differences between observed 

and calculated values of E., are given in Table II. 

The function with pK’, 10.0 is readily measurable spectro- 
photometrically. There occurs a small change with pH in the 
position of the Soret band and a larger change in the visible 
region of the spectrum, the wave lengths of maximal absorptioa 
moving with increasing alkalinity from 396 mu to 399 my and 
from 495 my to about 565 my. A plot of pH versus absorbancy 
at 590 my (Fig. 3) yields the same value for pK’, as that found 
potentiometrically. 

With data now available for HP., both in the absence and in 
the presence (2) of imidazole, it is possible to assign values to the 


ratio, Ro ar, where 
(Im) (ferri HP,) „ „ (Im)(ferro HF 
Nor (ferri Im- HP.) Im: Hp.) 
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I 
Reductive titration of ferri HP, 

Titration of ferri HP,, with sodium dithionite at 30° and pH 
12.14. HP., IX 10-* uw; volume of sample = 10 ml; (y— d) 
yolume of titrating agent added, corrected by the method of 
Reed and Berkson (16, 17); E. calculated with n = 1;d = —0.0020 
ml; at 100% reduction, (% d) = 0.0889 ml. 


(y- 4) Reduction | Ey observed | Em calculated | Deviation from 
mil % volt volt volt 
0.0070 7.87 —0.2647 (—0.3290) +0.0113 
0.0110 12.37 —0.2853 (—0.3364) +0.0039 
0.0160 17.99 —0.2965 (—0.3362) +0.0041 
0.0210 23.63 —0.3085 —0.3391 +0.0012 
0.0260 29.24 —0.3175 —0.3406 —0.0003 
0.0340 38.24 —0.3284 —0.3409 — 0.0006 
0.0420 47.24 —0.3380 —0.3407 —0.0004 
0.0500 56.24 —0.3472 —0.3406 —0.0003 

0.0580 65.24 —0.3568 —0.3403 0 

0.0660 74.24 —0.3672 —0.3398 +0.0005 
0.0740 83.24 —0.3800 —0.3382 +0.0021 
0.0790 88.86 —0.3940 —0.3398 +0.0005 
0.0840 94.49 —0.4090 (—0.3489) — 0.0086 


Fic. 1. Spectra of HP, recorded in the course of a reductive 
titration. HP, I Xx 10-* pH 12.12; temperature, 30.0°; I- em 
cuvette. Percentage of reduction: A, 100%; I, 0%. 


At fixed hydrogen ion concentration, Ko R' a follows directly 
from known values of AE. (5): 


AE. = E. (Im- HP,) — E. (HP,) = (3) 


F K’ 

Ferri Im-HP,,.-ferro Im-HP,, and ferri HP,,-ferro HP., display 
very similar potentials over the range of pH from 8 to 10, the two 
E.-pH curves crossing at pH 9.5, and thus in this range RK o/ 
'r will be close to unity. At pH 9, the potentiometric data 
indicate that R oĩ/K' nr = 0.7. This value checks with the 
results of spectrophotometric determinations of the two con- 
stants individually. Spectra of solutions containing 10M HP., 
+ imidazole at concentrations from 2 X 10-' m to 2 XK 10 are 
illustrated in Fig. 4 for the system ferri HP, + imidazole, and in 
Fig. 5 for ferro HP,, + imidazole. The following constants 
were calculated: R or at pH 9 and 25°, 12x 10-* mu; K’n1 at pH 


9 and 25°, 2 x 10-* m. 
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Tant II 
B. values for ferri HP., ſerro HP, system at 30° 


pH Bufter* | ing’ | Bm observed 

agentt lated 

volt volt volt 
5.47 1 B —0. 1409 —0. 151 ＋0. 002 
5.99 I, II B | —0.170 | —0.178 | +0.008 
5.99 II B —0. 179 —0. 178 —0.001 
6.74 Il B 0.106 | —0.201 | +0.003 
7.04 Il B 0.207 | -—0.205 | —0.002 
7.49 Il B —0. 210 —0. 2009 —0. 001 
7.93 Il B | —0.206 | —0.211 | +0.005 
8.87 IV B | -—0.2200 0.213 —0.007 
8.99 IV B | —0.2% | -—0.214 | —0.010 

8.99 IV C | -0.214 —0.214 0 
9.89 IV B | —0.228 | —0.227 | —0.001 
10.29 IV, V B —0.253 —0.241 —0-012 
10.47 v B | —0.253 | —0.249 | —0.004 
10.47 v B | —0.253 0.249 | —0.004 
10.99 v B | —0.282 | -—0.276 0. 000 
10.99 v C 0.2009 —0. 276 | +0.007 
11.24 V B —0.286 —0.200 +0.004 
11.35 Vv B | —0.291 | —0.207 | +0.006 
11.73 v B 0.317 | —0.318 40.001 
12.14 V B —0. 339 —0. 343 +0.004 
12.49 V, VI B —0.360 —0.364 +0.004 


*I, HC;H,0.-KC:H;0;; II, KH:PO,-K:HPO,; IV, H. BO. 
KH, BO,; V, KsHPO,-K;PO,; VI, KOH. 
t B, sodium dithionite; C, potassium ferricyanide. 


Fie. 2. pH-Dependence of the oxidation-reduction potentials 
of half-reduced ferri HP,,.-ferro HP. Temperature, 30.0°. O, 
experimental values; the solid line represents Equation 2, with 
K’,= 1.1 X 10°, K’, = 3.6 X 10°’. 
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Fic. 3. Spectrophotomet 
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The same constants were obtained when a sample of heme 
undecapeptide treated with nitrous acid (2) was substituted for 
HP., „ and this sample was used subsequently to compare the 
apparent dissociation constants of oxidized and reduced com- 
plexes with glycine and with pyridine. Representative data are 
shown in Fig. 6, and results are summarized in Table III. Pyr- 
idine, among the three ligands examined, shows by far the great- 
est discrimination between oxidized and reduced heme peptide, 


"or 


9 430 450 470 490 SO 530 550 
WAVELENGTH 


Fic. 4. Spectra of ferri HP,, plus imidazole. HP,, = 2 X 
u; pH 9.0; buffer, 0.01 M H. BO,. -KH, BO,; temperature, 25°; 
l-cm cuvette. Concentration of imidazole: A, 8.8 Xx 10M; B, 
44 X 10-*u; C, 1.8 X 10; D, 8.8 X 10 E, 4.4 X 10M; F, 
2.2 X 10 M; G, O u. 


Fig. 5. Spectra of ferro HP, plus imidazole. HP., = 8 X 
10-* M; pH 9.0; buffer, 0.01 H, BO. -KH BO,; temperature, 25°; 
l-cm cuvette. Concentration of imidazole: A, 1.7 X 107? M; B. 


48 Xx 10 C, 2.0 X 10°‘ m; D, 4.0 X 10 Mu; E, Om. 


As 


Fic. 6. Ferri HP., v plus pyridine. HP, ve = 2 X 10 
u; pH 9.0; buffer, 0.01 H. BO. -KH BO,; temperature, 25°. O, 
readings at 405 my; A, readings at 396 my; Q, readings at 370 mau. 
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TABLE III 

HP., vn, 8.0 X 10-* M to 1.7 X 10˙ u; pH 9.00; 25° 

Interactant R’o. 
M M 

Imidazole................ 1.2 X 10 2 X 10 

Pyrid ine 3.2 X 10 8 X 10 

D 9.3 X 10 2 X 10 

Anion 

TABLE IV 


Reductive titration of ferri Pyr · HP, 
Titration of ferri Pyr - HP, with sodium dithionite at 30° aa 
pH 9.52. HP, I xXx 10 N; volume of sample = 10 ml; (y—d)« 


volume of titrating agent added, corrected by the method of Reed} . 


and Berkson (16, 17); E. calculated with n = 1;d = +0.0150 ni; 
at 100% reduction, (y — d) = 0.0590 ml. 


(y — 4) Reduction | Ey observed | Em calculated | Deviation frm 

ml % volt volt volt 
0.0030 5.08 —0.0405 —0.1168 —0.0048 
0.0070 11.86 —0.0568 —0. 1091 ＋0. 00 
0.0110 18.64 —0. 0705 —0. 1090 ＋0. 000 
0.0150 25.42 —0. 0825 —0. 1106 ＋0. 0014 
0.0190 32.20 —0.0920 —0.1114 +0.0008 
0.0230 38.98 —0. 1000 —0.1118 +0.0002 
0.0270 45.55 —0. 1068 —0. 1116 +0 .0004 
0.0310 52.54 —0. 1153 —0. 1125 —0. 0005 
0.0350 59.32 —0. 1240 —0. 1138 —0. 0018 
0.0390 66.10 —0. 1327 —0. 1153 —0.0033 
0.0430 72.88 —0. 1420 —0. 1162 —0.0042 
0.0470 79. 66 —0. 1500 —0. 1140 —0. 00 
0.0510 86.44 —0. 1600 —0.1117 +0 .0003 
0.0550 93.22 —0. 1730 —0. 1045 +0 .0075 

Average —0.1120 


and the potential of half-reduced Pyr - HP xo, at pH 9 shoul 
be approximately 0.1 volt more positive than E,, for the pyridine 


free system. 
Potentiometric measurements with Pyr - HP. have mi 


been undertaken, but ferri Pyr-HP,-ferro Pyr-HP, has ben 
subjected to oxidation-reduction titrimetry over a range of pH} } 


from 3.1 to 12.8. The system is an electromotively actin 
one and yields data in conformity with Equation 1 (Table IV 
Results are summarized in Table V. The simplest relationshi 
between E,, and pH consistent with the data at hand is ths 
given by equation 4 (4): 


Eq E. Ine 0 


where 2 represents 
(H*+)((H*+)* + K'n(H*)? + KK + KHK AK 
(H*)* + K’a(H*)* + K. (H“) + 
The solid line shown in Fig. 7 was obtained upon assignment d 
the following constants: E, = +0.174 volt; K 1 = 3.2 x 10 
K“ = 4.0 107°; R, = 1.1 X 10; = 2.5 x 10 


K.: = 3.2 X 107; K, = 1.8 pK’, pK’,s, and pK’ 
coming close together, are not well resolved, but it is clear that 
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single pK’ cannot account for the data at these values of pH. Tau V 
The broken line in Fig. 7 indicates the form of the theoretical B. values for ferri Pyr-HP,-ferro Pyr - HP, system at 30° 
curve when pK, pK ., and pK“, are replaced in Equation 4 
one constant, pK’, = 10.6. pH Butter | Ting” | Em observed | Bm calculated| ~"Eecslee: 
At pH 9, E. for ferri Pyr-HP,-ferro Pyr-HP,, as expected on agent? lated 

the basis of the spectrophotometric data, is indeed approximately — — — 
0.1 volt more positive than the corresponding potentials recorded 3.08 | VII A —0.008 | —0.005 | —0.003 
for HP., Im- HP,, and Im-HP,. Nicotinamide gives even 3.13 VII A | —0.009 | -—0.008 | —0.001 
more positive potentials. Titration of a sample of a heme 3.85 | I, VIII A | —0.032 | -—0.031 | —0.001 
nonapeptide? at pH 8.5 in the presence of 1 M nicotinamide, 4.02 | I, VIII A —0.0384 | —0-034 0 
performed in collaboration with Dr. Hans Tuppy, yielded an 4.54 | VIII A | —0.041 | —0.042 | +0.001 
2311 322 — 

„10.0 in ferri HP,, is thought to reflect the formation of a . , . W 9 
— in which hydroxide occupies a coordination position — Vill 
about the iron of the prosthetic group. The formation of such a 7.33 II B 0. 000 0.000 0 
compound seems not to occur, on the other hand, with ferri HP, 8.29 II 4 —0. 107 0. 108 0. 002 
in solutions of comparable pH containing 0.12 M pyridine. At 9.52 | IV B | -0.113 —0. 113 0 
no point in the range of pH in question does the spectrum of 10.50 v B | -0.129 | —0.129 0 
ferri Pyr-HP, resemble that of ferri HP,, At pH 12, for ex- 11.22 | V B —0.146 | —0.150 | +0.004 
ample, ferri Pyr-HP, has band maxima at 403 my and 525 mu, 11.34 V A | —0.149 | —0.155 | +0.006 
whereas ferri HP., displays maximal absorption at 399 my and 12.00 | V B | —0.187 | —0.189 | +0.002 
about 565 mu. It might be argued that in the pyridine-con- 12.25 V B | —0.204 | -0.203 | —0.001 
taining system at this pH, hydroxide has displaced pyridine 12.72 | VI A —0.234 —0.230 —0.004 
from its coordination position about the iron, but that the pyri- 12.80 V., VI | B | —0.2387 | -0.234 | —0.003 


dine continues to influence the spectrum through molecular 
charge-transfer interaction (6, 7). The spectrum of ferri Pyr- 
HP, at pH 12 differs markedly, however, from absorption curves 
recorded for ferri HP,, in solutions containing 0.1 m caffeine, and 
it seems a more likely interpretation that in ferri Pyr-HP, at pH 
12, coordination positions 5 and 6 both remain taken by nitrog- 
enous groups. 

A similar suggestion has been advanced previously (1, 2) for 
ferri Im-HP, and ferri Im-HP,,; the function with pK’, 11 ob- 
served in the case of these systems has been ascribed not to the 
formation of a hydroxide compound, but to the loss of a proton 
by iron-coordinated imidazole. Thus, in ferri Im-HP,, pK’, 11 


ment d 
* 104 
x 10+ 
i pK 


cytochrome c was hydrolyzed in the presence of trypsin. 
composition of the peptide is that of the octapeptide used in these 
studies, with the exception that there is an additional lysine 
residue at the C-terminus. 


imidazole without nitrogen-bound —— (in the free state, the 
anion of imidazole); HIm = imidazole with one nitrogen-bound 
hydrogen atom (in the free state, neutral imidazole); HO-Pyr = 
a charge-transfer complex or addition compound of pyridine and 
hydroxide; iron porphyrin is represented by a horizontal line; the 
group of the peptide coordinated to the iron porphyrin is shown 
directly under the horizontal line, other pertinent groups of the 
peptide are written beneath this group, and the entity 

the other available coordination position about the iron 

horizontal line. 


has been assigned to the process: 
HIm 11.1 Im 
-NH. H* NH. 


If this is a valid assignment, then the linked function reflected in 
pK’, 11 should be absent in the system ferri NH;-HP,-ferro 
NH;-HP,. Fig. 8 shows the results of four titrations of ferri 
NH;-HP,-ferro NH, - HP,, undertaken as a preliminary check 


on this point. It may be seen that no sharp drop in potential 
occurs with increase in alkalinity over the range of pH at which 
HE such a drop does occur with Im-HP,. In contrast, pK’, 11 is 


* Prepared in this laboratory by Dr. Hans Tuppy. — 


‘In the schematic representations of proton equilibria, Im = 


r thai is shown directly over the 


* Buffers I, II, IV, V, and VI as indicated in Table II. Buf- 
fer VII, malic acid-potassium hydrogen malate; VIII, pyridinium 
chloride-pyridine. 

t A, semiquinone of methyl viologen; B, sodium dithionite. 


tion 4, with K. = 3.2 K 10-*, K's = 4.0 X 10°, K's 


10-", 


‘1 = 25 X 10% K's 


Equa- 
=11X 


= 3.2 X 10°, K's = 13 x 101. 
The broken line indicates the theoretical curve which resulte when 


K. „X“. , and K’,; are replaced in Equation 4 by a single constant, 
„2 25 X 10 u. 


present in ferri NH. - HP, ſerro NH, HP,, a system with a 
histidine residue in coordination position 5 (Table VI). 
At the pH values for which there are experimental points in- 
dicated in Fig. 8, ferri NH;-HP,-ferro NH, - HP, is sufficiently 
i active that acceptable titration curves could be 
obtained. On the other hand, the system behaved extremely 
sluggishly in titrations attempted at pH 11.2, 11.5, and 11.7, and 
it appears that the collection of a body of data more adequate 
than that shown in Fig. 8 will require experiments with other 
ligands or with solutions containing appropriate mediators. 
In the range of pH at which NH,. - H, displays electromotive 
sluggishness, the predominant species is postulated to have an 
€-amino group in coordination position 5 (1) and ammonia in 
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Fic. 8. Comparison of the pH-dependence of the oxidation- 
reduction potentials of half-reduced ferri NH;-HP,-ferro NH. 
HP, and half-reduced ferri Im-HP,-ferroIm-HP,. Temperature, 
30.0°. ©, experimental values for NH;-HP,; solid line, theoret- 
ical curve for Im-HP, (1). 


VI 
E,, values for ferri NH;-HP,:-ferro NH. - HP., system at 30° 


Heme Peptides from Cytochrome c 


Titrat E, observed 
pH Buffer® ing ' E. observed calculated 
volt volt volt 

10.00 IV B —0.240 —0.241 +0.001 
10.40 IV B —0.246 —0.244 —0.002 
11.00 V B —0. 258 —0.259 +0.001 
11.95 V B —0.287 —0.292 +0.005 
12.25 V B —0. 306 —0.307 +0.001 
12.40 V B —0. 326 —0.318 —0.008 


* As indicated in Table II. 

t B, sodium dithionite. 

t These values were calculated using the equation, E. = E. + 
RT/F ln (H*)/((H*) + K’.) where E. = 0.239 volt and 
K. = 7.2 X 10-3, 


position 6. Gly-HP, also is sluggish at these pH values, and 
Piperidine HP, appears completely inactive. Im-HP, and Pyr- 
HP,, on the other hand, are fully active, as are all HP., systems 
thus far examined, including NH. - HP., Gly- HP., and Piperi- 
dine HP.. In these systems at least one of the coordination 
positions at the pH values in question is believed to be occupied 
by an imidazole or pyridine group. Lack of activity has been 
observed thus far only under conditions in which both positions 
5 and 6 are thought to be occupied by nitrogenous ligands lacking 
in conjugation. 
DISCUSSION 


HP,, is the simplest of the systems thus far examined in these 
studies. At alkaline values of pH, up to pH 12.5, spectrophotom- 
etry and oxidation-reduction potentiometry reveal but a single 
hydrogen-ion equilibrium. It is assumed that the following 
process is involved: 
ferri HP,,;: 

10.0 
H* 


ou 
HIm 


1.0 
HIm 
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There are, of course, alternative possibilities, perhaps foremog 
among them the equilibrium: 


Ho 100. 4,0 
HIm H* Im 


A reaction similar to this has previously been proposed by O 
yell and Pauling (8) to account for pK’, 6.7 in fe 
and is considered in that system to precede the entry of hydrox. 
ide into coordination position 6, with pK’, 8.12: 


ferrihemoglobin: 
H,O 6.7 H: O OH 
HIm H“ Im H* Im 


There is, however, no evidence that such a relationship prevaik 
in HP,, and indeed it is the reaction in ferrihemoglobin with 
pK’, 8.1 which resembles spectrophotometrically the proces 
seen in ferri HP,, with pK’, 10.0, the reaction with pK’, 67 
being “spectrophotometrically inoperative.“ Definitive eyi- 
dence remains to be obtained, but it is our working hypothesis 
that loss of a proton by the histidine residue of ferri HP,, is not 
involved in the events reflected in pK’, 10.0. 

Ionization of iron-coordinated imidazole is invoked, on th 
other hand, in the case of ferri Im- HP. Like the HP., system, 
ferri Im-HP,,-ferro Im · HP, in the range of pH 7.5 to 125 
displays only one oxidation-linked proton function, with pK’, = 
11.1. It appears that the predominant species on either sik 
of this pK’ is one with nitrogenous groups in both coordination 
position 5 and in position 6, and the reaction is formulated u 
(2): 
ferri Im-HP,,: 


HIm 11.1 Im 
HIm H“ 4HIm 

Im-HP, is a more complex system. Here three pK’s har 

been observed in the range of pH 7.5 to 12.5, two pertaining t 

ferri Im-HP, and one to ferro Im-HP,. In a working hypoth 

esis discussed previously, these constants are assigned as follows 


(1, 2): 
ferri Im · HP,: 
HIm 10.5 H Im 11.1 Im 
H Im H+ Nl. Hl!“ NE. 
NH.“ H Im HIm 
ferro Im-HP,: 
HIm 98 Him 
HIm H* 
NH.“ HIm 


As in ſerri Im- HP., pK’, 11.1 is postulated to reflect loss ofs 
proton by ſerriporphyrin- coordinated imidazole, nitrogenow 
groups being retained in both available coordination positiom 
However, in contrast to Im- HP, which lacks a lysine reside, 
Im -HP, is considered at pH 11 to be predominantly in a fom 
with the e- amino group of the peptide coordinated to the pre 
thetic group. In the case of the undecapeptide system, remom 
of the added imidazole, effected so that no major change occt# 


in the processes underlying pK’, 9.8 and pK’, 10.5, thus would be 
expected to result in deletion of the function reflected in pK. 
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11.1. It remains to be seen whether substitution of added am- 
monia for added imidazole is without major effect on pK’, 9.8 
and pK’, 10.5, for the “electromotive sluggishness” of NH;-HP, 
at pertinent values of pH has delayed the collection of a body of 
data adequate for judgment on this point. Measurements at 
pH values at which ferri NH;-HP,-ferro NH;-HP, is active in- 
dicate, however, that with this system no inflection occurs in the 
E. pH curve corresponding to a pK’ of 11. 

Pyr-HP,, “electromotively active” at all values of pH tested, 
displays oxidation-reduction potentials in the alkaline range 
which can be accounted for upon assignment of the following 
constants: pK’, 9.4 and 11.0; pK’, 9.8. In the scheme which 
serves as our working hypothesis, we tentatively, and in part 
quite arbitrarily, relate these constants to the following reactions: 


ferri Pyr · HP,: 
Pyr 9.4 HO - Pyr 11.0 HO Pyr 
HIm H* HIm Ht -NH. 
NH.“ -NH.“ HIm 
ferro Pyr-HP,: 
Pyr Pyr 
HIm H* NH: 
NH.“ HIm 
As in Im-. HP, pK’, and one of the constants for the oxidized 


form are attributed to entry into a coordination position by the 
«amino group of lysine. The remaining pK’, value, of course, 
cannot be assigned, as in Im-HP,, to ionization of the added 
ligand. Nor does it seem likely that hydroxide displaces either 
the pyridine or the peptide group from its coordination position 
about the iron atom. The spectrum of ferri Pyr-HP, at pH 12.5 
resembles that of systems previously postulated at this pH to 
have nitrogenous bases in all coordination positions; it differs, on 
the other hand, from the spectrum of ferri HP,, which in the 
monomeric state has a coordination position occupied by a non- 
nitrogenous ligand, presumably, at pH 12.5, a hydroxide group. 
It seems to us more probable that the remaining constant for 
ferri Pyr- HP, reflects the formation of a charge-transfer complex 
or addition compound between hydroxide and ferriporphyrin- 
coordinated pyridine, and this has been so indicated in the above 
equations. Preliminary experiments, in which 10 M bisulfite 
was added at pH 9 to solutions of ferri HP,, ferri Pyr-HP,, 
ferri Im-HP,, ferri NH, - HP., and ferri Gly- HP., indicate that 
only in the case of the first two of these systems is there a spectro- 
photometrically detectable effect. Reactions of this type rep- 
resent a largely unexplored, yet potentially important, aspect 
of the chemistry of metalloporphyrin systems. 

It may be recalled that Clark et al. (5, 9, 10) in their extensive 
studies of metalloporphyrin-nitrogenous base interaction, were in 
certain instances forced to consider the occurrence of hepta- 
coordinated iron. Thus, potentiometric data indicated that in 
pyridine-ferriprotoporphyrin IX there occurs a linked proton 
equilibrium with pK’, 10, yet spectrophotometric data showed 
that on the alkaline as well as on the acid side of this pK’ the 
predominant species is a dipyridine compound. In an attempt 
to reconcile these apparently contradictory results, the question 
was raised whether at alkaline pH iron might be coordinated to 
seven groups rather than six. It is perhaps a more likely pos- 
sibility that, in this instance also, there is encountered the forma- 
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tion of a pyridine-hydroxide charge-transfer complex or addition 


compound. 

The fact that Pyr-HP,, like Im-HP,, requires the assignment 
of more than one constant in the range of pH 7.5 to 12.5 further 
supports the view that the e- amino group of lysine is to be 
classified as a participant in the oxidation-linked proton functions 
of HP,-containing systems. And although the interdependence 
between the state of protonation of lysine and the state of oxida- 
tion of the prosthetic group need not necessarily involve, as 
portrayed, the displacement of one ligand by another, this re- 
mains the simplest formulation consistent with the experimental 
observations. Thus, for example, if in NH, - HP, at pH 11 the 
predominant species contains the e- amino group of lysine in 
coordination position 5, whereas in NH;-HP,, this position is 
taken by the imidazole group of histidine, then it is immediately 
understandable that pK’, 11, ascribed to ionization of ferri- 
porphyrin-coordinated imidazole, is seen with NH;-HP,,, but 
not seen with NH;-HP,. A possible basis for interpretation is 
provided also for the finding that, at values of pH near 11, sys- 
tems such as NH;-HP,, Gly- HP,, and Piperidine-HP, differ 
markedly in electromotive activity from the corresponding HP, 
systems, from Im- HP,, and from Pyr - HP, 

At pH 9, imidazole presumably is the coordinated peptide 
group in both HP, and HP,, systems, and ligands such as am- 
monia or the a-amino group of amino acids are to a sufficient 
degree in the nonprotonated ferm that first comparisons can 
readily be made of the interaction of heme peptide with different 
nitrogenous bases. From the experiments thus far completed, it 
appears that at pH 9 there is not an especially great difference 
in the facility with which diimidazole and monoamino, mono- 
imidazole complexes are formed. Lysine, of course, was not 
included among the ligands tested, and it is obvious in any event 
that additional factors come into play when the coordination 
reactions under consideration involve groups which form part 
of a peptide structure. The data have bearing on the question 
of competition between e- amino and imidazole groups of a pep- 
tide molecule for a coordination position about the iron porphyrin 
prosthetic group only to the extent that they indicate the feasi- 
bility of such competition. 

Spectrophotometry at pH 9 indicates that, in complex forma- 
tion with heme peptide, imidazole shows little discrimination 
between the ferric and ferrous forms of the system; K’o. 'A. 
This is borne out also by oxidation-reduction data. HP., Im- 
HP., and Im- HP, at pH 9 display closely similar potentials. 
Pyridine, in contrast, shows a far greater affinity for reduced 
heme peptide than for the oxidized form, and E., for ferri Pyr- 
HP, ſerro Pyr-HP, at pH 9 is approximately 0.1 volt more posi- 
tive than E. for ferri Im-HP,-ferro Im-HP,, or for the corre- 
sponding Im HP, and HP,, systems. This difference in af- 
finity is reflected also in data collected at acid pH. It is clear 
both from the form of the Z,-pH curve and from absorption 
spectra that dissociation of ferro Pyr-HP, with formation of 
pyridinium ion requires imposition of a lower pH than does the 
dissociation of ferri Pyr-HP,. We defer, however, any detailed 
analysis of relationships in Pyr-HP, at acid pH. As in the 
other systems thus far studied, so many overlapping processes 
occur below pH 7 that it is best first to collect additional data, 
including, if possible, data on: (a) heme peptides lacking a histi- 
dine residue; (b) heme peptides with the propionate groups of 
the iron porphyrin modified or removed. 
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A, beef heart f 


— 
cytochrome e (11); B , ferri Pyr-HP,-ferro Pyr-HP,; C, ferri 
HP,,-ferro HP,,; D, ferri horseradish peroxidase-ferro horse- 
radish peroxidase (3). 


Fic. 9. E. - pH c-ferro- 


In Fig. 9, the E. - pH curves for ferri Pyr-HP,-ferro Pyr-HP, 
and ferri HP,,-ferro HP,, are compared with corresponding data 
for beef heart cytochrome c (11) and horseradish peroxidase (3). 
For sake of clarity, curves for Im- HP, (I) and Im- HP,, (2) are 
omitted; in the plateau region, the potentials of these two sys- 
tems differ only slightly from those shown for HP. 

It is a widely held view, first advanced by Theorell and Akeson 
(12), that in mammalian cytochrome c, coordination positions 5 
and 6 are both occupied by imidazole groups. In the case of 
horseradish peroxidase, the available data usually have been 
taken to indicate (13) that some group of the protein other than 
imidazole is coordinated to the iron porphyrin, possibly a car- 
boxyl group. If these views are substantiated in time, then the 
data for the heme peptide systems underscore particularly clearly 
the limitations inherent in efforts to relate differences in the 
potentials of various heme proteins solely to differences in the 
identity of the ligand groups. Beef heart cytochrome c and 
Im- HP,, both supposedly diimidazole complexes, differ in po- 
tential at pH 7 by almost half a volt; the potential of the peptide 
system resembles more nearly that of horseradish peroxidase, 
supposedly endowed with coordinated groups of a very different 
nature. 

Changes in the groups occupying coordination positions about 
a given iron porphyrin can, of course, cause major changes in 
potential. Pyr - HP, in the plateau region displays potentials 
approximately 0.1 volt more positive than those of Im · HP, or 
HP,, and nicotinamide yields data more positive still. Other 
ligands, on reaction with a peptide such as HP,, might yield 
values of K’o./K’ax greater than those observed with pyridine 
and nicotinamide, and result in heme peptide complexes with 
potentials close to those of mammalian cytochrome c. Perhaps 
such a group will be found in cytochrome c itself. The point is, 
however, that it is unnecessary to assume this in order to account 
for the potentials of cytochrome c. Cytochrome c could well 
be, as postulated, a diimidazole complex in the plateau region 
of the E. - pH curve. The reaction involved in removing from 
a coordination position an imidazole group which forms part of 
an organized structure is not the same as that involved in re- 
moving an imidazole group which is an independent entity. The 
free energy changes of the summed reactions in the oxidized and 
reduced states of heme proteins might differ greatly from one 
heme protein to another and from the simpler peptide systems 
here under study, even though in each instance the identity of 
the coordinated groups is the same. 


Heme Peptides from Cytochrome c 


In solutions so strongly acid that in the systems under cog, 


sideration no peptide or protein groups remain coordinated to 
the iron porphyrin prosthetic group, potentials of the variow 


and the effects of neighboring charged groups. Insofar as may 
be judged from data like those of Fig. 9, such convergence indeed 
occurs. The slopes of the E. -pH curves at values of pH a 
which coordinated protein or peptide groups have been released 
suggest, further, that here the reduction of ferriporphyrin t 
ferroporphyrin involves proton as well as electron addition. | 
seems likely that this proton addition is related to the well know 
fact that removal of iron from ferroporphyrin occurs at much 
higher pH than does removal of iron from ferriporphyrin (14, 15). 
The lower the pH at which ligand groups of the type studied 
remain coordinated to iron in the reduced system, the lower i 
the pH at which ferroporphyrin remains stable, and the lower 
is the pH at which the E. - pH curve begins to level off. This 
pH reflects the free energy change of a summed reaction and, 
for given ligand groups, can vary greatly from one system t 
another. 


SUMMARY 

Previous studies of the oxidation-linked proton functions of 
heme octa- and undecapeptides in solutions containing imidazok 
have been extended to include heme octapeptide in the absence 
of added imidazole and heme undecapeptide in solutions contain- 
ing pyridine. Measurements of potentials and spectra wer 
carried out with the octapeptide over a range of pH from 55 
to 12.5, and with pyridine-undecapeptide over a range of pH 
from 3.1 to 12.8. Other experiments were performed with octa- 
and undecapeptide in solutions containing ammonia, glycine, 
piperidine, and nicotinamide. 

Spectrophotometric measurements of dissociation constants 
indicate that at values of pH near 9, imidazole is bound with 
approximately equal tightness to ferri- and to ferro heme pep 
tide. Complex formation with pyridine, on the other hand, 
occurs more readily with heme peptide in the reduced state. 
These observations are consistent with the potentiometric data. 
At pH values near 9, heme octapeptide, imidazole heme octa- 
peptide, and imidazole-heme undecapeptide all display essen- 
tially the same oxidation-reduction potentials, but pyridine - heme 
undecapeptide yields potentials approximately 0.1 volt mor 
positive. With nicotinamide as the added ligand, the potential 
becomes more positive still. 

In the range of pH 7.5 to 12.5, the heme octapeptide system 
displays a single oxidation-linked proton function, whereas py- 
ridine-heme undecapeptide gives evidence of three such fune- 
tions. The reaction seen with the octapeptide is believed t 
involve entry of hydroxide into a coordination position about 
the iron porphyrin prosthetic group. In the case of pyridine: 
heme undecapeptide, two of the three pK’ values determined ar 
attributed to reactions previously proposed to occur also in in 
dazole-heme undecapeptide. The third constant is considered 
to reflect the formation of a charge-transfer complex or additio 
compound between hydroxide and ferriporphyrin i 
pyridine. 


Experiments with systems containing ammonia, glycine, am 
piperidine have provided information useful in the analysis d 
data obtained with pyridine and imidazole, and give evident 
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of effects of added ligands on the “electromotive activity” of the 
systems under study. 

The data are discussed in relation to cytochrome c and other 
heme proteins. 
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In 1911, Rona and Takahashi (1) demonstrated by means of 
dialysis that only a portion of the calcium in serum is diffusible 
through a semipermeable membrane. Since then, a number of 
methods have been developed for the separation and measure- 
ment of diffusible calcium. Collodion bags, introduced by 
Walpole in 1915 (2), were employed by Cushny for ultrafiltration 
of serum (3), and later modified for use with smaller amounts of 
serum by Greenberg and Gunther (4). Subsequently Moritz 
(5) measured serum calcium by a method combining ultrafiltra- 
tion and dialysis. The concentration of diffusible calcium as 
determined in the last three studies was 62 to 70%, 40 to 55%, 
and 45 to 65%, respectively. In 1934, McLean and Hastings 
(6) showed that the amplitude of contractions of perfused frog 
hearts could be used as an index of the concentration of ionized 
calcium. Toribara et al. suggested, however, that the ampli- 
tude is affected not only by calcium ion, but also by certain 
calcium complexes, e.g. citrate and phosphate (7). After the 
demonstration that hydrogen ion concentration influences the 
binding of calcium by protein (8, 9), Lavietes (10) designed an 
apparatus for anaerobic ultrafiltration through a cellophane 
membrane, thus avoiding the escape of CO: from the serum and 
the consequent rise in pH. A number of modifications of the 
ultrafiltration technique in which pH was controlled were sub- 
sequently reported (11-13). In 1942, Chanutin, Ludewig, and 


Masket suggested ultracentrifugation for separating protein- 


bound from free calcium (14) and reported that the concentration 
of free calcium in human serum ranged from 51 to 65% (15). 

The present study was undertaken when the availability of 
new instruments permitting temperature control and use of 
small samples of serum suggested further development of the 
ultracentrifugal method. Our purpose was to establish a rela- 
tively simple, easily standardized procedure which would facili- 
tate the analysis of free calcium in multiple samples of serum. 
During the development of the method, the variables which 
influence the binding of calcium by serum proteins were studied, 
and normal values were established. 


EXPERIMENTAL PROCEDURES 
Materials and Methods 
A Spinco ultracentrifuge, model L-HT, with a 40.3 rotor 
equipped with nylon adapters to permit use of 2-ml cellulose 


»In this paper free ealeium' is used to designate calcium not 
bound by proteins. 

t This investigation was aided by grant CY-3488 from the Na- 
tional Institutes of Health, United States Public Health Service. 
Grateful acknowledgment is made to Norsk Forening til Kreftens 
Bekjempelse (Norwegian Association Against Cancer), Oslo, Nor- 
way, for a grant allotted to Dr. Loken. 


centrifuge tubes, is used. A Beckman pH meter, model G, 
equipped with a chamber electrode, model 40299, is used for 
determining pH at 37°. 

Serum is separated from blood, with no special precautions to 
prevent loss of CO:. The pH is adjusted by addition of HCl or 
NaOH (0.003 ml of a 2 * HCl solution per ml of serum restores 
pH to 7.35 + 0.15 after CO: loss resulting from normal handling). 

The serum is delivered into the chamber electrode with a 5-m! 
hypodermic syringe. This permits measurement of pH and 
recovery of serum from the chamber electrode without further 
loss of CO: The sample is then transferred to two 2-ml cellulose 
centrifuge tubes. The tubes are filled to the rim, leaving » 
little air as possible, and immediately sealed with metal caps. 
Centrifugation of the serum for 8 hours at an average of 115,000 
X leaves the proteins concentrated in the bottom half of the 
tube. Exactly 0.40 ml of the clear supernatant is pipetted of 
with a calibrated 0.5-ml tuberculin syringe (Becton, Dickinson 
and Company) and divided into two 0.20-ml aliquots. Calcium 
is determined by a modification of MacIntyre’s flame photo- 
metric method (16), and phosphorus by the method of Taussky 
et al. (17). 

Centrifugation for 8 hours results in a fairly sharp boundary 
between the protein-free and protein-containing layers of the 
serum, so that protein-free samples are relatively easy to obtain. 
Sera containing chylomicra or abnormally large amounts of very 
low density lipoproteins (<1.006) have an opalescent, lipid-rich 
top layer. This layer, although it contains virtually no protein- 
bound calcium, should not be sampled, since the fat tends to 
clog the sprayer of the flame photometer and decreases the rate 
of flow of the aerosol; erroneously low values result. If samples 
containing lipid must be used, they should be filtered through 
acid-washed cotton or filter paper after addition of the diluent. 

The concentration of free calcium in serum is calculated by 
multiplying the concentration of calcium in the supernatant by 
0.93, which is a standard correction factor for serum protein 
volume. The correction factor was verified as follows. Th 
water content of 95 sera was measured gravimetrically, giving 
an average value of 93.4 + 0.48% (standard deviation). Th 
concentration of free calcium in the 95 sera was then calculated 
in two ways: (a) with a correction factor of 0.93, or (b) withs 
correction factor of the actual fraction of serum water derived 
from gravimetric determination. The standard deviation of tie 
mean between the two calculations was +0.5%; therefore, th 
use of 0.93 as a standard correction factor appears justified. 
(If serum protein values vary widely from normal, the wate 
content of the serum should be measured.) 
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Fic. 1. Effect of pH on the percentage of free calcium in serum. Upper curve at 12°; lower curve at 37°. 


Recovery of Total Calcium in Samples—Recovery experiments 
were performed on 82 samples of serum. The sum of calcium 
in supernatant and in the lower phase was calculated as the per- 
centage of total calcium in the serum. The mean recovery value 
was 98.8 + 1.9% (standard deviation). 

Variation between Duplicate Determinations of Free Calcium 
Standard deviation of the mean calculated from determinations 
on 106 sets of duplicate samples was +1.2%. 

Sedimentation of Calcium Salts—In preliminary experiments, 
solutions of calcium chloride and calcium citrate were centrifuged 
at 115,000 x g for 15 hours to determine whether calcium ions 
and calcium citrate are sedimented by this force. The calcium 
concentrations of aliquots removed from various levels of the 
centrifuge tube were identical. 

Effect of Time of Centrifugation—The concentration of free cal- 
cium was determined in duplicate aliquots of 3 serum samples 
centrifuged for 7 and 15 hours. The average concentration was 
2% lower in the samples centrifuged for 15 hours. 

Effect of pH—A complete distribution curve for free calcium 
in serum was established by determining its concentration in 
sera at various pH values. pH was adjusted with 2 * HCl or 
2 NaOH in the following manner. Each of 15 normal sera 
(some single and some pooled) was divided into several portions. 
Each portion was adjusted to a different pH between 4.65 and 
9.7. Duplicate aliquots of 30 normal sera were similarly adjusted 
to pH values between 6.5 and 8.5. The volume of HCl or NaOH 
required to obtain the desired pH values diluted the sera less 
than 0.5%. 

In four replicates of pooled normal serum, pH was adjusted 
with 0.025 ml of 2 Nn HCl and in another four replicates with 1 ml 
of 0.05 n HCl. After mixing, the first series was made up to vol- 
ume with water. Concentration of free calcium was the same 
in the two series, indicating that any interference of the strong 
HCl with protein stability is too slight to affect the results. 
While measuring pH and transferring serum to the centrifuge 
tubes, it was impossible to avoid slight exposure to air. Several 


of the sealed tubes were opened and pH was redetermined. The ionic strength above 


results showed that the exposure had not altered the pH beyond 
the error of the method (0.03 pH unit). Similar measurements 
showed no change in the pH of serum stored for 16 hours at 37°, 
The distribution curve (Fig. 1) is practically linear between 
pH 7 and 8, and when individual sera were studied, the slopes 
Effect of Bicarbonate and Ionic Concentration—To determine 
the effect of CO; and ionic strength on the binding of calcium by 
serum proteins, the following experiment was performed. To 
separate aliquots of pooled serum, NaOH, NaCl, KCl, Na, SO,, 
K,SO,, NaNO;, NH. Cl, and (CH.) NNO, were added to give 
ionic strengths of 0.023 and 0.055 above the ionic strength of 
normal serum. The pH was adjusted to 7.35 with CO, in one 
series of samples and with HCl in another series. To prevent 
pH from rising to a level incompatible with protein stability, the 
NaOH was added in minute portions alternately with CO; or 
HCl: pH did not go above 9.5. The total concentration of cal- 
cium in the serum was approximately 5 meq per liter. The 
samples were centrifuged at 40,000 r.p.m. for approximately 8 
hours, and the calcium concentration in the supernatant was 
determined. The results are given in Fig. 2. The various salts 
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Fic. 3. Effect of pH on the increment of free calcium produced by lowering temperature from 37° to 10°. 


exerted indistinguishable effects on the binding of calcium to when the calcium concentration was as high as 10 mu. At pH 
proteins. The aliquots to which NaOH had been added and in 7.8 there is a small decrease in calcium concentration in the super- 
which pH had been adjusted with CO; had a HCO; concentra- ficial layer after centrifugation at 13,000 r.p.m. for 30 minutes, 
tion of 115 meq per liter. In the others it varied from 20 to 25 but only when the total calcium concentration is over 5 mu. 
meq per liter. When the salts were added to an ionic strength With increasing pH more calcium is precipitated. 

of 0.055 above normal, the free calcium increased from 53 to 63%. Simultaneous determinations of phosphorus showed that cal- 
The percentage of free calcium in samples adjusted with HCl cium and phosphorus were precipitated in the ratio of 3:2 when 
and CO, did not differ so long as pH was the same. In addition, pH was between 7.8 and 8.0. When pH was increased the ratio 
neither repeated readjustment of pH by alternate evaporation also increased. Ratios as high as 7:1 were observed at pH 9 
and flushing with CO, nor drawing of the blood specimens under and a calcium concentration of 9.5 mm (Table I). When serum 
oil had any effect on the percentage of free calcium so long as the was centrifuged at 40,000 r.p.m. for 8 hours, an additional small 
final pH was constant. These results show that the binding of but constant amount (15 to 17%) of inorganic phosphate was 
calcium by protein depends on the ionic concentration rather sedimented, presumably because of binding to serum proteins 
than on the concentration of HCO, per se. (Table II). 

Effect of Temperature The effect of temperature on serum at issociation Constants of Calcium Proteinate at Various pH 
different hydrogen ion concentrations was studied. All but 
three samples were centrifuged at either 12° or 37°; these were TIE I 
centrifuged at both temperatures. ae 

The data derived from this experiment, plotted in Figs. 1 and 

3, show that the percentage of free calcium at the low tempera- pH Total Ca 40 * a 
ture is significantly higher than it is at the high temperature. 
The distribution curves for free calcium at the two temperatures pH 7.8 
approach each other as pH decreases, showing a smaller effect of 
temperature at the lower pH levels. Above pH 6.9 there is no 
overlapping of single observations; at pH 7.35 there is a 10% 
difference between the mean values for free calcium at the two 
temperature levels. This is 4 times the standard deviation for 
normal values at pH 7.35 and 37°. 

Precipitation of Calcium Phosphate and Other Calcium Salts 
with Increasing Calcium Concentration and pH Level—At higher 
calcium egnoentrations in serum it is possible that some calcium 
could be precipitated as insoluble calcium salts not bound by 
protein. This possibility was checked in the following way. 
After serum had been adjusted to the required pH and various pH 9.0 
amounts of calcium had been added, aliquots were centrifuged 
for 30 minutes at 13,000 r.p.m. Determinations of protein con- 
tent of supernatant and lower phase showed that no protein was 
precipitated at this centrifugal force. The concentration of cal- 
cium was determined in the upper layer of centrifuged serum. Ze 
The difference between total calcium in the serum and the ca- pifference between calcium and phosphorus concentrations 
cium in the superficial layer after centrifugation represents in- in serum before and after centrifugation at 13,000 r. p. m. for & 
soluble or precipitable calcium, which is assumed not to take minutes. ) 
part in the equilibration between calcium and protein. t Not calculated, since ACa and AP are not significantly ac- 

No precipitation of calcium was found at pH below 7.8, even curate at these low values. 
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Levels—Calcium in amounts up to 10 mu was added to aliquots 
of normal pooled serum, and pH was adjusted to various levels 
between 5.2 and 8.55. The pK’ and the calcium-binding capac- 
ity of serum protein were calculated from Greenberg’s modified 
equation for the mass law (18) which ingeniously avoids the un- 
certain factor of expressing protein in molar concentration: 
_Protein 
Ca-proteinate 4 Ca 
When protein / Ca - proteinate was plotted against 1/ Ca, 
straight lines were obtained ſor all pH levels above 7.0, showing 
that the dissociation follows the mass law (Fig. 4). 

For pH 7.35 the pK’ value is 2.18, and the corresponding cal- 
cium-binding capacity of serum protein is 0.10 mmole of calcium 
pergram of protein. At pH 8.55 the pK’ is 2.8, but the capacity 
of protein to bind calcium has increased to only 0.11 mmole 
pergram. The relationship between pK’ and pH is given graph- 
ically in Fig. 5. In the expression of pK’ values, total calcium 
was determined after centrifugation at 13,000 r.p.m. for 30 min- 


II 
Protein binding of inorganic phosphate in normal human serum at 


mM ma % 
9 7.33 | 1.15 0.98 (0.96-1.00)}0.85 (0. 83-0. 87) 15 
6 7.30 | 1.02 0. 87 (0. 81-0. 93) 0. 85 (0.79-0.91)) 15 
6 8.30 | 1.00 0. 88 (0. 75-0. 89) 0. 86 (0. 75-0. 89) 14 
6 6.65 | 0.96 0. 80 (0. 75-0. 89) 0. 83 (0. 78-0. 93) 17 
1 7.30 | 2.28 2.09 0.92 8 
1 7.24 | 5.00 4.45 0.89 11 
1 7.33 | 10.72 9.87 0.92 8 
1 7.35 15.26 13.85 0.91 9 


After centrifugation for 30 minutes at 13,000 r. p. m. 
t After centrifugation for 8 hours at 40,000 r. p. m. 
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Fie. 5. Effect of pH on pK’ for calcium proteinate. Points 
indicate values derived from Fig. 4. 


utes, in order to eliminate any calcium complexes which do not 
participate in the calcium-protein equilibration. 

Normal Range of Free Calcium in Serum—To establish the 
normal range, the percentage of free calcium was determined in 
67 normal sera (22 pooled and 45 single specimens). The values 
for free calcium at pH 7.35 ranged from 49.7 to 57.8, with a 
mean of 53.1 and a standard deviation of 2.6%. 


In most studies dealing with calcium binding by proteins, some 
type of ultrafiltration technique has been used. Theoretically, 
the ultrafiltrate and the supernatant of ultracentrifuged serum 
should show identical calcium contents. The normal values for 
free calcium established in this study agree favorably with the 
values obtained by other investigators using the ultrafiltration 
technique, so long as the pH, temperature, and ionic concentra- 
tion of the tested serum (7, 12) were the same. 

Since the ratio of free caleium to protein-bound calcium is de- 
pendent on the concentration of protein in the serum, the per- 
centage of free calcium should decrease with increasing centrifu- 
gation time so long as the protein concentration in the lower part 
of the centrifuge tube increases. This theory is equally applic- 
able to ultrafiltration techniques. In our study, significantly 
lower concentration of free calcium could not be demonstrated 
in serum centrifuged for 15 hours (52%) than in duplicate samples 
centrifuged for 7 hours (54%). 

In our experiments with ultracentrifugation, free calcium 
ranged from 15% at pH 9.5 to 90% at pH 4.7. The slope of the 
distribution curve between pH 7 and 8 was found to be prac- 
tically linear; it was also similar in different sera. Therefore, 
sera for free calcium determinations need only to be adjusted to 
pH somewhere between 7.0 and 8.0, since the percentage of free 
calcium at pH 7.35 can be calculated by adding 18.5 times the 
deviation of the observed pH from that value. 

Flushing the filtration system with a mixture of 5% CO, and 
95% O, (7, 12, 19, 20) results in a pH between 7.2 and 7.7. 
Within this range the free calcium varies almost 10%, which 
contributes to a great spread in normal values. Use of sealed 
ultracentrifuge tubes has the advantage of preventing any sig- 
nificant change in pH. 

Various authors have reported that in serum at constant pH 
an excess of CO, will produce a higher percentage of diffusible 
calcium. Neuman et al. (21) ascribed this phenomenon to com- 
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plex ion formation between HCO; and Ca**, whereas Prasad 
and Flink (20) called it an “artifact produced by CO,. In 
serum with a high content of bicarbonate, however, an equiva- 
lent amount of cation must have been added to keep pH constant. 
Our experiments clearly show that the alteration in percentage 
of free calcium is related to changes in ionic concentration rather 
than to a specific effect of HCO; (Fig. 2). 

Reports on the influence of varied temperatures on the ultra- 
filtrability of calcium are contradictory (7, 10, 19, 20, 22). Our 
results, which are in keeping with Toribara’s (7), showed not 
only that free calcium decreases significantly with increasing 
temperature, but also that this effect increases with increasing 
pH (Figs. 1 and 3). 

Neither ultrafiltration nor ultracentrifugation assures that the 
calcium lost from the ultrafiltrate or the supernatant is bound 
solely to protein. Greenberg found that, at room temperature 
and normal pH, considerable phosphorus was lost from ultra- 
filtrates when serum calcium concentration was increased to 5 
mM or more. Our results (Table I) confirm Greenberg’s assump- 
tion that between pH 7.8 and 8.0 some calcium is bound to PO, 
as Ca;(PO,)2. Above pH 8.0 the ratio of precipitated calcium 
to phosphorus exceeds 3:2, showing that calcium salts other than 
Ca;(PO,): are precipitated. 

The additional loss of phosphate bound to protein (Table II) 
was also observed by Walser (23), who used Toribara’s ultra- 
filtration technique. He assumed that a Donnan effect applies 
across the semipermeable membrane and corrected his actual 
figure of 15% to 25%, which he assumed was bound to protein. 
Since in Toribara’s technique, free equilibration is disturbed by 
the centrifugal force applied to facilitate filtration and by the 
rapid removal of the filtrate from the outside of the membrane, 
it is doubtful whether a Donnan factor pertains. Therefore, the 
true figure for protein-bound serum phosphate is probably around 
15%. 

The pK’ value found in our experiments at pH 7.35 and 37° 
corresponds to McLean and Hastings’ figure of 2.2 (6, 24) and 
is somewhat lower than the figure found at room temperature by 
Greenberg and Larson (18, 25), and higher than the 1.58 to 1.82 
found by Hopkins et al. (19) who used Lavietes’ technique. Our 
figure for the calcium-binding capacity of protein is somewhat 
higher than Greenberg and Larson’s: 0.10 mmole per gram of 
protein to their 0.06. 

Most authors agree that there is no significant change in the 
percentage of diffusible calcium over the range of total calcium 
in human serum. From the dissociation constant obtained in our 
own experiments we have calculated the theoretical increase in 
percent of ionized calcium when total serum calcium increases 
from 2.5 to 5.0 mm and the protein concentration is 75 g per liter. 
This increase amounts to 4% (from 53 to 57%). 

Examination of hypercalcemic sera from 100 patients with 
various diseases showed no significant increase in the percentage 
of free calcium when pH and protein concentration were normal. 
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An ultracentrifugal method for separation of protein - bound 
and free calcium which requires only 5 ml of serum for duplicate 
determinations is described. The normal range of free calcium 
in normal human sera at pH 7.35 centrifuged at 37° was estab. 
lished as 49.7 to 57.8% of total calcium (mean value 53.1 + 


2.6%). 

Increased dissociation of calcium from serum proteins by de. 
creased pH and lower temperature was confirmed. 

Increasing ionic concentration was found to increase dissoeia- 
tion greatly. Bicarbonate had no independent effect. 

Calcium-binding capacity of human serum proteins was found 
to be 0.10 ma of calcium per gram of protein. 

The pK’ values for calcium were determined at various pH 
levels. At pH 7.35 and 37°, pK’ was 2.18, similar to that found 
by McLean and Hastings. 

Serum inorganic phosphate was also significantly bound to 
serum proteins. 
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Among the recognized morphological features of cells, the 
external membrane is one of the most poorly understood in terms 
of both structure and function, especially with regard to its 
participation in transport processes. In recent years, the chem- 
ical and enzymatic composition of isolated cell membranes from a 
few species of bacterial organisms have received the attention of 
a number of investigators (1) after the demonstration by Wei- 
bull (2) that cell membranes could be prepared by osmotic lysis 
of bacterial protoplasts. The recent finding (3) in this labora- 
tory that protoplasts could be prepared from Streptococcus 
faecalis (ATCC #9790) by treatment with lysozyme, has now 
made it possible to isolate the cell membrane from this organism 
and to initiate a study of its chemical and enzymatic constitution. 
Our first efforts were directed to the enzyme adenosine triphos- 
phatase, because in previous studies with the intact cells and 
protoplasts, the presence of this enzyme in the cell membrane 
was proposed in order to account for the changes in permeability 
that occur during glycolysis and subsequent to cessation of 
glycolysis (3, 4). In the present paper, evidence will be pre- 
sented that the isolated membranes of S. faecalis contain aden- 
osine triphosphatase, and some properties of this enzyme will be 
described. In addition, procedures for the preparation of the 
cell membranes from S. faecalis will be described, inasmuch as 
these structures have not been previously isolated from this 
organism. 

EXPERIMENTAL PROCEDURE 


NaATP and NaADP were obtained from the Pabst Labora- 
tories and the Sigma Chemical Company. The ATP and ADP 
were mixed with the appropriate concentrations of Mg** and the 
pH adjusted to 7.5 before addition to the incubation mixture. 

Inorganic phosphate was determined by the method of Fiske 
and SubbaRow (5). Protein was determined by the method of 
Lowry et al. (6). The results were corrected for the effect of 
glyeylglyeine buffer which depresses the color formation in the 
Lowry protein determination. 

Preparation of Intact Cells.—The composition of the medium 
used for growing cells has been described in a previous publication 
(7). In the present experiments, 300 ml of inoculated medium 
were incubated at 38° for 18 hours at which time the cells were in 
the stationary phase of growth. The cells were harvested by 
centrifugation, then washed three times with cold distilled water, 
and finally suspended in 120 ml of the solution to be used in the 
preparation of protoplasts as described in the next sections. 

Preparation of Cell Membranes from Protoplastse—Two dif- 
ferent methods for the preparation of cell membranes from 


a Supported by United States Public Health Service Grant No. 
-5810. 


protoplasts were employed. The first method was a modifi- 
cation of the osmotic shock procedure used by Weibull (2) for 
the preparation of Bacillus megatherium membranes. The 
second procedure was one developed in this laboratory and dif- 
fers from the method of Weibull in that the protoplasts are dis- 
rupted by “metabolic lysis” in an isotonic medium. 

(a) Method of Osmotic Lysis—lIntact cells, prepared as de- 
scribed above, were suspended in 120 ml of 0.4 M sucrose con- 
taining 0.15 u Tris-Cl, pH 6.4, and crystalline lysosyme, 180 
ug per ml, was added. During incubation for 120 minutes at 
38°, the cells were converted to protoplasts which were osmoti- 
cally stabilized by the high concentration of sucrose (3). The 
suspension was then centrifuged, and the protoplast pellet was 
suspended in 40 ml of cold 0.02 u Tris-Cl, pH 6.4, in double dis- 
tilled water and stirred vigorously. The osmotic shock resulted 


in lysis of the protoplasts with the formation of 


“ghosts” which were then separated from the soluble ‘“‘cytoplas- 
The cell membranes were washed with 40 ml portions of 1 x 10 
mu MgSO, in cold double distilled water by repeated centrifugation 
and resuspension. Four washings were sufficient to reduce the 
soluble protein in the washings to negligible levels. 

(b) Method of Metabolic Lysis—In this method, the intact 
cells were suspended in 120 ml of 0.4 M glycylglycine, pH 7.2, 
containing 1 x 10-* ™ MgSO, and then incubated with lysosyme, 
180 ug per ml, at 38° for 120 minutes. The protoplasts which 
were produced were osmotically stable in 0.4 M glycylglycine. 
Next, 2.5 ml of 0.5 m glucose were added. During the ensuing 
glycolysis, the protoplasts underwent a rapid progressive swelling 
which terminated in lysis with the production of membrane 
„hosts.“ ! The rate of the lytic reaction was followed by meas- 
uring the fall in optical density (3) of the suspension and was 
complete in 30 to 60 minutes. The membranes were separated 
from the soluble “cytoplasmic” fraction by centrifugation and 
then washed with 1 x 10-* u MgSO, as described in Section a 
above until no protein, or only trace amounts, appeared in the 
wash fluid. Four washings were found to be sufficient. The 
final washed cell membrane preparation contained about 10% 
of the total protein of the original protoplasts. 

Fig. 1 shows the original cells, the protoplasts, and the washed 
membranes prepared by the procedures described above. 


RESULTS 
Localization of ATPase in Cell Membrane—The specific ATPase 
activity (micromoles of inorganic phosphate liberated per min- 
ute per milligram of protein) of a number of isolated washed cell 
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ATPase in Isolated Bacterial Cell Membranes 


(a) (b) (c) 
Intact Cells Protoplasts Cell Membranes 
(Ghosts) 


Fic. 1. Intact cells (a) protoplasts (b) and cell membranes (c) of S. faecaiis (ATCC #9790) under phase microscope (magnification 
2900 ). The protoplasts are osmotically stabilized with 0.4 M glycylglycine. The membranes were prepared by metabolic lysis and 


washed four times (see Experimental Procedure“). 


TABLE I 
Specific activity of ATPase in washed cell membranes and soluble 
fraction of S. faecalis 

The reaction mixtures contained 5 X 10-? m ATP, 5 X 10°? u 
MgSO,, and approximately 0.25 mg of protein per ml and were 
incubated at 38°. Tris-Cl,0.1 u, pH 7.5, was the buffer used with 
preparations from osmotically lysed protoplasts. Glycylglycine, 
0.1 u, pH 7.5, was the buffer used with preparations from metabol- 
ically lysed protoplasts. The reaction was allowed to proceed 
until not more than 30% of the total substrate had been converted 
(in most cases, 10 to 15%) and then the reaction was stopped by 
making the mixture 2.5% in ice cold perchloric acid. Corrections 
were applied for blanks containing substrate without enzyme and 
for blanks containing enzyme without substrate. 


P. liberated 
Preparation No. Method of preparation an Soluble “ 1 

membranes | 

pmoles/min/mg protein 
1 Osmotic lysis 0.27 0.06 
2 Osmotic lysis 0.30 0.09 
3 Osmotic lysis 0.12 0.02 
4 Osmotic lysis 0.58 0.04 
5 Osmotic lysis 0.49 0.10 
6 Osmotic lysis 0.60 0.19 
7 Metabolic lysis 0.17 0.03 
8 Metabolic lysis 0.39 0.01 


membrane preparations prepared by both methods is shown 
in Table I. The incubation mixtures contained an op- 
timal concentration of Mg** and the enzyme was saturated with 
substrate (see following section). Also shown in Table I are 
the specific activities of the soluble “cytoplasmic” fractions from 


which the cell membranes had been removed by centrifugation. 
As can be seen, the specific activities of the cell membrane 
ATPase preparations are many-fold higher than the specific 
activities of the corresponding soluble “cytoplasmic” fractions. 
An attempt to change the specific activity of the cell membrane 
ATPase by two further washings (see Experimental Proce- 
dures’’) was unsuccessful. These findings indicate that the cell 
membrane contains an ATPase which is an intrinsic part of its 
structure. 

Properties of Cell Membrane ATPase—The liberation of in- 
organic phosphate (P) with time upon incubation of ATP witha 
typical cell membrane preparation is shown in Fig. 2. The 
plateau of the curve corresponds to the liberation of 1 mole of 
inorganic phosphate per mole of ATP incubated. The cell 
membrane ATPase activity was found to be proportional to the 
concentration of cell membrane protein in the reaction mixture. 
When ADP or pyrophosphate was used as a substrate, the 
liberation of P; was much slower. When AMP was used as 


Micromoles Phosphate Liberated 
0 


Time (Minutes) 

Fic. 2. The rate of Pi liberation from 5 X 10 m ATP in the 
presence of 0.1 M glycylglycine, pH 7.5, 5 X 10-? Mg!“ and cell 
membranes (0.5 mg of protein per ml of reaction mixture) from 
metabolically lysed protoplasts. See Table I for further details. 
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a substrate, the formation of P. was barely detectable (Table 
II). 

Relation of Mg** to Cell Membrane ATPase Activity The ac- 
tivity of the enzyme in the absence of added Mg** and in the 
presence of varying concentrations of Mg“ is shown in Fig. 3. 
It is clear that added Mg** is required for ATPase activity and 
its optimal effect is obtained at a molar concentration equivalent 
to that of ATP. When the molar ratio of Mg“ to ATP is 
greater than 1, a slight inhibitory effect is observed. Since the 
optimal activity is obtained when the molar ratio is 1, the true 
substrate for the enzyme appears to be the MgATP complex. 

The effect on the initial reaction velocity of varying concen- 
trations of MgATP (equimolar ATP and Mg) was next deter- 
mined. As shown in Fig. 4, the rate of reaction is proportional 
to the concentration of MgATP up to a concentration of 2.5 x 
10° Mu. Between 2.5 <x 10-? u and 5.0 x mM MgATP, the 
initial reaction velocity is very nearly independent of the sub- 
strate concentration, and at concentrations greater than 5 X 
10-? u MgATP, the reaction velocity is markedly inhibited. 
Fig. 4 also shows that the shape of the curve relating initial re- 
action velocity and substrate concentration (MgATP) was es- 
sentially the same at two levels of enzyme concentration. 


A high order of ATPase activity (Table I) is found in prepara- 
tions of S. faecalis cell membranes which have been thoroughly 
washed and which are morphologically recognizable, uniform in 
appearance, and uncontaminated with free particulate matter 
as observed with the phase microscope (Fig. 1). Indeed, the 
specific activity of the membranes is of the same order of magni- 
tude as crystalline myosin and highly purified actomyosin (9, 10) 
from mammalian muscle. The comparatively low specific 
activity of the ATPase in the soluble portion of the cell (Table I) 
rules out the possibility that the activity found in the cell mem- 
branes is due to contamination with soluble nonmembranous 
enzyme. These results indicate that the ATPase is an intrinsic 
part of the cell membrane structure. 

The possibility remains that the ATPase resides in small par- 
ticles of submicroscopic dimensions, of the types which have 
been isolated from other organisms (11). However, such parti- 


cles as have been described are sedimented only in very high 


centrifugal fields, about 100,000 x g for 69 minutes (11). The 
S. faecalis membranes described here have been repeatedly sedi- 
mented in much lower centrifugal fields, namely, 35,000 x g for 
15 minutes, and therefore it is unlikely that they are contami- 
nated by free submicroscopic particles. There is some evidence 
that in Escherichia coli (12), Staphylococcus aureus (13), and 
Bacillus stearothermophilus (14), small particles are attached to 
the cell membranes and are released after disintegration of the 
cell membranes. The presence of such particles with ATPase 
activity attached to the S. faecalis membranes cannot be ex- 
cluded, but if this be the case, the particles can be considered 
functionally as integral components of the cell membrane sys- 
tem 


The cell membrane enzyme appears to be a true ATPase which 
catalyzes the reaction ATP — ADP + P., inasmuch as pyrophos- 
phate, when used as a substrate, is cleaved at a comparatively 
much lower rate, and AMP yields practically no inorganic phos- 
phate. Furthermore, the stoichiometric equivalent of l mole 
of inorganic phosphate per mole of ATP is liberated when the 
reaction comes to a halt (Fig. 2). 
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Taste II 
Specific activity of washed S. faecalis cell membranes 
with various substrates 
The membranes by metabolic lysis were incubated 
at 38° with 5 X 10 substrate, 5 X 10-? MgSO,, and 0.1 
glycylglycine, pH 7.5. Initial rates were determined in each case. 
See Table I for experimental procedures. 


Substrate P liberated 
umole;min/mg protein 
0.003 
Pyrophosphate................. 0.03 


in 5 Minutes 


4 i 4 


Micromoles of Phosphate Liberated 


0.5 1.3 2.0 


Fid. 3. Rate of P; liberation as a function of the molar ratio of 
Mag“ to ATP. The reaction mixture contained 5 X 10 ™ ATP, 
varying concentrations of MgSO,, 0.1 u glycylglycine, pH 7.5, and 
cell membranes (0.5 mg of protein per ml of reaction mixture) 
prepared from metabolically lysed protoplasts. See Table I for 
experimental procedures. 


y 


Concentration of Mg ATP 
(Moles /liter x 10°) 


Fic. 4. Rate of Pi liberation as a function of the concentration 
of MgATP. Reaction carried out in the presence of 0.1 u glycyl- 
glycine, pH 7.5, and cell membranes from metabolically lysed 
protoplasts. The reaction mixture of Curve a contains 0.14 mg of 
protein per ml. The reaction mixture of Curve 6 contains 0.07 


mg of protein per ml. See Table I for experimental procedures. 


The finding that the cell membrane ATPase is stimulated at 
least 15-fold by Mg** (Fig. 3) is in accord with the fact that 
ATPases prepared from a variety of sources require Mg** for 
their activity. Since the optimal concentration of Mg** was 
found to be that which is equivalent to the molar concentration 
of ATP, it appears that, at least at the level which was tested, 
the true substrate for the enzyme is MgATP (Fig. 3). A 1:1 
stoichiometric relation between Mg“ and ATP has also been 
found to be required for the optimal activity of ATPase derived 
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from rat liver mitochondria (15) and red blood cells (16). On The possible role of the membrane adenosine triphospl ata 
the other hand, the ATPase in “particles” derived from B. in metabolically dependent permeability changes in intact cells 
lus was optimally active when the Mg“ to ATP and protoplasts is discussed. 


stearothermophilus 

ratio was 1:2 (17). However, in the last mentioned case, the pH 

was 8.5, whereas the 1:1 ratios were all obtained at pH 7.5. 
The fact that high concentrations of substrate, ie. MgATP, 


enzyme has at least two binding sites. In such a case the binding 
of 1 molecule of MgATP with use of both sites and leading to a 
reaction could be blocked by nonreactive binding of 2 molecules 
of MgATP at the same sites when the MgATP is present at high 
concentrations. 

The finding of ATPase in the cell membrane lends support to a 
previous suggestion that the increase in permeability of S. faecalis 
protoplasts during glycolysis is due to ATP and that the return 
to the impermeable state after all of the glucose has been me- 
tobolized is due to removal of ATP by ATPase (3, 4). By analogy 
with the reversible contractile system of muscle, the interaction 
of ATP with cell membrane ATPase may lead to structural 
alterations in the membrane and consequently an increase in 
permeability. The breakdown of ATP by the enzyme would 
then result in a return of the membrane to its initial state. In 
this connection it is of interest to note that a number of investi- 
gators have supplied evidence for the presence of an ATPase in 
isolated membranes from red cells (18) and nerve cells (19), and 
also at the surface of intact mammalian cells (20, 21). 


A procedure based on metabolic lysis of protoplasts has been 
developed for the isolation of cell membranes from Streptococcus 
faecalis. Membranes prepared by this method or by osmotic 
shock contain an adenosine triphosphatase which catalyzes the 
reaction ATP — ADP + P., in which ATP is adenosine 5’-tri- 
phosphate, ADP is adenosine 5’-diphosphate, and P. is inor- 
ganic orthophosphate. The enzyme requires Mg** for activity. 
Maximal enzymatic activity is obtained at equimolar concentra- 
tions of adenosine 5’-triphosphate and Mg**, indicating that the 
actual substrate is the magnesium adenosine 5’-triphosphate 
complex. Excess substrate (magnesium adenosine 5’-triphos- 
phate) is inhibitory. 
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In recent years, attempts have been made to correlate changes 
in protein structure resulting from denaturation or proteolysis 
(1-4) with alterations in the ultraviolet absorption spectra of 
proteins in the range 260 to 320 my, i. e. with the tyrosine and 
tryptophan difference spectra. These attempts have been 
rendered difficult by the low Ae n values obtained and by the un- 
certainty in the interpretation of the significance of the observed 
changes. The present communication deals with an extension 
of the investigation of the effect of denaturation on the ultra- 
violet absorption spectra of proteins in the wave length range 
200 to 320 my. 
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Fic. 1. Difference of bovine serum albu- 


absorption spectrum 
min at pH 6.0 vs. pH 1.4. Protein concentration, 0.09%. Light 
path: 1.0 cm. 


The crystalline, salt-free proteins investigated were, among 
others, insulin, ribonuclease, lysosyme, papain, chymotrypsino- 
gen, pepsin, ovalbumin, and bovine serum albumin. The treat- 
ments employed were acid and alkali denaturation, heat de- 
naturation, denaturation with detergents, or a combination of 
two or more of these techniques. 

On comparing the native with the denatured protein by differ- 
ence ultraviolet spectroscopy, it was observed that in addition 
to the frequently reported difference peaks due to tyrosine and 


* This study was aided by research grants from the United 
States Public Health Service. 


I 


Difference spectra for protein in neutral solution and protein under 


conditions specified 


The measurements were performed with a Cary model 14 re- 
cording spectrophotometer with 1l-cm matched quartz cells. 
Constant 4A/c values were obtained over the protein concentra- 
tion range investigated. 


Protein Denaturation conditions Amas A 
Bovine serum al- | pH 1.4 2,88 
(pH 6.0) 2,79 
2,3 
Pepsin (pH 4.5) | pH 1.45, 39°, scanned None 
immediately on 
acidification 
pH 1.45, 39°, 3 hours | 2, 
(autolysis) 2,8 
2,79 
2,3 
Papain (pH 6.0) | pH 1.4, 10 min at room | 2, 
temperature 2,3 
Ovalbumin (pH | pH 6.5, 1% sodium | 2,$ 
6.5) lauryl sulfate, 2,§ 
scanned 30 seconds | 2, 
after mixing 
pH 1.4, room tempera- | Ne 
gen (pH 6.0) ture 


* Alkaline denaturation = 10 min at pH 11.4 at 25° followed by 
acidification to pH 1.4. 

t Acid denaturation = Heated for 10 min at pH 1.4 in a water- 
bath at 92°. Cooled to 25° and scanned. 


tryptophan side chains at 278 to 285 and 293 my, respectively, 
denaturation was invariably associated with the appearance of 
a far more prominent peak at 230 to 235 my. See, for example, 
Fig. 1. The exact position of the peak depends chiefly on the 
protein studied and only to a minor degree on the method of 
denaturation employed. Some representative Aen values ob- 
tained for proteins under a variety of conditions are reported in 
Table I. 

To determine the possible contribution of changes in amino 
acid absorption produced by lowering the pH, the difference 
spectra of all the common amino acids were obtained by com- 
paring the spectrum in neutral solution to that at pH 1.2 to 1.4. 
Only tryptophan, phenylalanine, tyrosine, and histidine showed 
difference peaks in the general region of 220 to 240 my (Table 
II). It is clear that the only amino acids which could make a 
significant contribution are tryptophan and tyrosine. Actually, 
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| Acid denaturationf 2,930; 36,600) 4,300 
2,855; 45,600) 3,250 
2,760| 47,500) 1,200 
2,305 230, 600 18, 600 
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II 
Values obtained from difference spectra of amino acids 
Sample | Refer. || Amin 
98 mu mu mu mu 
Tryptophan 6.0 1.4 | 291.6 | 320 | 234 550 
284 140 
225 2830 
Phenylalanine 6.2 1.35 22.5 145 
269 2 | 250 5 
265 2 | 256 7 
259 3 | 262 5 
252.5 1 
Tyrosine 5.7 1.4 | 285 40 | 232 590 
278 20 
Histidine 4.0 1.4 | 230 66 
7.1 | 217.5 | 453 
11.5 225 88 


Ades and Aenimex) refer to peaks in the positive direction, 
i.e. those representing a higher absorbance of the solution in the 
sample cell. Mis and Aemcmia) refer to peaks in the negative 
direction, i.e. those representing a higher absorbance of the solu- 
tion in the reference cell. , 

Methionine showed an enhanced absorbance in acid solutions 
at wave lengths below 225 my. 8 ‘ 
since tyrosine has a higher absorption at 232 my in acid than 
in neutral solution, it would in some measure balance the de- 
crease due to the presence of tryptophan. It may be noted 
further that no correlation could be shown between the tyrosine 
and tryptophan content of the proteins studied and the magni- 
tude of the 230- to 235-my peak obtained on denaturation. Al- 
though the above observations do not exclude the possibility 
that the aromatic residues may make some contribution to the 
230- to 235-my difference peak, it would appear very unlikely 
that they can be entirely responsible for it. 

A study was also performed of the helix-random coil transfor- 
mation (5) of poly-t-glutamate.' Here, for example, on com- 
parison of a solution at pH 11.0 with a solution containing the 
same concentration of the polymer at pH 4.3, a difference peak 
is obtained at 225 my. Further, the value of Aex per residue 
of 85 obtained with poly-I-glutamate is almost of the same order 
of magnitude as that observed for some of the proteins listed in 
Table I, e.. approximately 170 for chymotrypsinogen and 120 
for papain. 

On the basis of the above observations it would appear likely 
that the change in the environment of the peptide backbone of 
proteins resulting from denaturation may contribute largely to 
the observed difference peak. Inasmuch as the values of Aex 
per residue found for the proteins are greater than would be 
expected on the basis of the value obtained with poly-.-gluta- 
mate, it would appear that factors other than change in the con- 
figuration of the peptide backbone may also be involved. 

In a recent investigation by ultraviolet absorption spectro- 
photometry of the helix-coil transition of poly-t-glutamic acid, 
Imahori and Tanaka (6) have shown that both forms have a 
maximum at 190 my, but that the coil absorbs much more 
strongly than the helix at this wave length. The curves for the 


1 We are grateful to Prof. E. Katchalski for sending us a sample 
of this material. The poly- glutamie acid has an average molec- 
ular weight of about 150,000. 
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helix and the coil have an isosbestic point at approximately 
220 mu. This work indicates that on denaturation a very much 
larger peak may be expected in the difference spectrum in the 
190- to 200-my region than that observed in the 230- to 235-my 
region. 

Work is in progress to attempt a correlation of the observed 
absorption changes of polyamino acids and proteins under vari- 
ous conditions with other physical properties, such as optical 
rotatory dispersion, optical rotation, etc., with a view to deter- 
mining the usefulness of the spectroscopic method as a measure 
of the disorganization of the backbone of proteins. 
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Enzymatic Phosphorylation of Glucose 
by Phosphoramidates* 


Atsuxo Fusimoto Ad Rosperts A. Smita 
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(Received for publication, May 23, 1960) 


An enzyme isolated from extracts of succinate-grown Eecher- 
ichia coli which catalyzes a direct phosphorylation of glucose 
with potassium phosphoramidate as the phosphoryl donor has 
been described (1). The new enzyme, phosphoramidic hexose 
transphosphorylase, was estimated by coupling the transphos- 
phorylation reaction to the glucose-6-P dehydrogenase-catalyzed 
reaction, and following the rate of glucose phosphorylation by 
measuring TPN reduction photometrically at 340 my. In 
addition to PHI and glucose-6-P dehydrogenase, the photo- 
metric assay was later shown to be dependent on the presence 
of phosphoglucomutase, which contaminated the PHT prepara- 
pendent of the addition of nucleotides to the reaction mixture, 
and yeast hexokinase could not substitute for PHT. 

In order to make a more direct estimate of PHT activity, P®- 
labeled PNH: was synthesized from P#®-diphenylphosphoro- 
chloridate by the method of Stokes (2) and used in a direct assay 
in which the net formation of radioactive hexose phosphate was 
proportional to PHT concentration. With this more direct 
assay, PHT has been purified about 200-fold from extracts of 
succinate-grown E. coli (Crookes strain) by fractionation with 
protamine sulfate followed by solid ammonium sulfate (0.6 to 

* This work was supported by grants from the United States 


Public Health Service and the Williams Waterman Fund. 
1 The abbreviations used are: PHT, phosphoramidic hexose 
hosphoramidate. 
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TaBLe I 
Phosphoryl donor specificity and stoichiometry in PHT reaction 
Each experimental flask contained in zmoles the following: 
Versene (ethylenediamine-tetraacetate) buffer, pH 6.5, 100; P-N 
compound, 5; (P®™PNH: = 7100 c.p.m. per umole, P*-N-phos- 
phorylglycine = 4600 c.p.m. per umole) glucose, 15; enzyme, 11 
yg; in a total volume of 1 ml. Incubation was at 37° for 15 min- 


utes. 
Utilized Formed 
Phosphoryl donor 
P-ami- | Glucose*|  Glucose-1-P* Amine 
** Total 
˙⸗¶⸗˙ 0.97 1.06 | 1.01 | 7.4 0.92 
Pu. V-phosphorylglyeine 1.15 | 1.20 | 1.06 | 5.42 — 
Monophosphorylhisti- 
D 0.46 — 0. 39 — 
Phosphocreatine 0 0 
0 0 
_* Measured as inorganic phosphate by the method of Fiske and 
SubbaRow (4). 


> Measured by the method of Nelson (5). 

¢ Measured both as radioactive organic phosphate after separa- 
tion from acid-hydrolyzed P-N compound by the method of Niel- 
son and Lehninger (6), and as acid-labile phosphate (10 minutes, 
In HCl). 

¢ Measured as NH; by Nesslerization after distillation in a 


micro-Conway dish. 
Not measured. 


0.8 saturation) and chromatography on DEAE-cellulose’ (free 
base form) with a linear gradient from 0 to 0.2 M KCl in 0.02 u 
Tris buffer, pH 7.7. The eluate from the DEAE-cellulose col- 
umn was dialyzed and rechromatographed on carboxymethyl 
(CM)-cellulose? (H“ form) with a linear gradient from 0.01 to 
0.08 M acetate, pH 5.5. The eluate from the CM-cellulose col- 
umn was slightly contaminated with phosphoramidase (3), but 
the latter activity was lost by aging the eluate at 3° for 7 days. 
PHT emerged from the CM-cellulose column before phospho- 
glucomutase; nevertheless, some overlap of these activities did 
occur. The experiments reported here were performed with the 
initial PHT eluate from the CM-cellulose column which was 
essentially free of phosphoglucomutase activity. 

In Table I, the stoichiometry and phosphoryl donor specificity 
of the PHT-catalyzed reaction are shown. The stoichiometric 
disappearance of PNH: and reducing group of glucose implicate 
glucose-1-P as the initial product of the transfer reaction. Paper 
chromatography by the method of Bandurski and Axelrod (7) 
after mild acid treatment of a reaction mixture containing P®- 
PNH,, glucose, and PHT, revealed two radioactive spots which 
were chromatographically identical with Pi (from acid hydrolysis 
of P®-PNH:;) and glucose-1-P. Similarly, the product obtained 
with Cid. glucose and PNH: as reactants was chromatographically 
indistinguishable from known glucose-1-P. The data in Table I 
also show that N-phosphorylglycine (8) and PNH: are equally 
effective phosphory! donors, whereas somewhat less transfer was 
obtained with monophosphorylhistidine (9). Both creatine 
phosphate and phosphordiamidate (2) were inactive with PHT. 
The possibility that phosphory] transfer is mediated by enzyme- 


* Brown Company, Berlin N. H. 
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bound nucleotides or other cofactors has not been entirely ruled 
out; however, treatment of PHT with either charcoal or Dowex 1 
neither reduced enzyme activity nor rendered it dependent on 


PN 


glucose-1-P + 


any new additions to the reaction mixture. Thus the PHT re- 
action may be defined as shown in Equation 1. 

Further investigation of the PHT-catalyzed reaction is in 
progress. The details of the above and related experiments will 
be published at a later date. 
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The “Active Site” of Bovine Pancreatic 
Carboxypeptidase A* 


Bert L. Tuomas L. Coomss AND 
Freperic L. Hocn 


From the Biophysics Research Laboratory of the Department of 
Medicine, Harvard Medical School and Peter Bent Brigham 
Hospital, Boston, Massachusetts 


(Received for publication, June 9, 1960) 


The activity of carboxypeptidase’ prepared from beef pancreas 
acetone powder? is abolished and regained reversibly when the 
one atom of zinc of the native enzyme is removed or restored, 
or when it is replaced by certain metals of the first transition 
series (1-4). 

We have now established that the activity depends crucially 
on the binding of the one zinc atom to one mercapto group of the 
In trischydroxy- 

yl)aminomethane Buffer, the native and reconstituted zinc 
enzymes do not react with silver (5), PCM (6), or ferricyanide 
(7), under widely varying conditions of pH, ionic strength, tem- 


* Supported by the Howard Hughes Medical Institute and a 
grant-in-aid (No. H3117 (C)) from the National Institutes of 
Health, Department of Health, Education and Welfare. 

a The abbreviations used are: carboxypeptidase, carboxypepti- 


7 Bl. J. Allan, P. J. Keller, and H. Neurath, in preparation. 
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TABLE I 
Reaction of native and zinc-free carboxypeptidase with 
sulfhydryl reagents 
Ag* PCM 
; moles reagent/mole carboxypeptidase 
Native enzyme........... 0 0 0 
Zinc-free enzyme......... 0.91 0.95 1.22 
TABLE II 
Complementarity of Ag*-titratable —SH groups and zinc 
| content of carborypeptidase 
Zn** contents*® —SH titrated 2(—SH + Zu) 
t atoms/mole moles/mole 
0 0.91 0.91 
0.07 0.84 0.91 
0.27 0.63 0.90 
0.57 0.42 0.99 
0.77 0.35 1.12 
1.07 0 1.0 


* Increments of Zn“ were added first to metal-free apocarboxy- 
peptidase prepared as in (2) and then the remaining free —SH 
was titrated (5). 

t Native and reconstituted zinc carboxypeptidase. 


TABLE III 
Effects of 49“, PCM, and oxidation on restoration of activity to 
zinc-free apocarborypeptidase by Zn** ions 

Ag“, 2.2 X 10-* M, or 3.7 X 10-3 m PCM, was added to1.1 X 10 
M zinc-free enzyme, then 1.1 X 10-5 m Zn** ions were added. 
Peptidase activity was measured as in (3), except that 0.1 m tris 
(hydroxymethyl) aminomethane plus 1 m NaCl was substituted 
for Veronal buffer. 


i | Activity (proteolytic coefficient) 
enzyme 
—Zn** + 1g atom Zu Restoration 
% 
None........... 0.25 8.0 100 
0.25 1.46 17 
0.17 1.0 10 
0.25 3.8 44 


perature, and time of exposure to these agents,’ indicating the 
absence of titratable —SH groups (Table I). The native zinc 
enzyme assayed in this Buffer is not inhibited by these agents, 
employed to titrate free —SH groups. The inhibition with iodo- 
acetate, cuprous, and lead ions had first suggested to Smith and 
Hanson (11) the presence of sulfhydryl groups which are essential 
for activity. However, the lack of inhibition with silver and 
mercuric ions, which generally act as sulfhydryl inhibitors, could 
not be easily interpreted at that time (11). 

In contrast, the zinc-free, inactive apocarboxypeptidase inter- 
acts with approximately one mole of Ag“, PCM, or ferricyanide; 
this discloses a reactive —SH group (Table I). Additions of 
mole fractions of zinc to the zinc-free apoenzyme result in a 
commensurate decrease in the mole fraction of —SH titratable 


* Similarly negative results were obtained with iodosobenzoate 
(8), nitroprusside (9), and N-ethylmaleimide (10). 
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with Ag“, documenting the concealment of this reactive sulfur 
atom by zinc. Thus, the sum of the number of gram atoms of 
zinc bound to the enzyme and of the number of —SH groups 
titrated per mole of enzyme equals 1 (Table II). Conversely, 
the decrements obtained in the zinc to protein ratio of the native 
enzyme by removal of zinc are complemented by increments in 
the —SH to protein ratio. PCM, highly specific for this group 
(12, 13), also blocks its titration with Ag* ions. 

That Ag* ions or PCM do not displace zinc is confirmed by 100 
hours of equilibrium dialysis of Zn**-labeled carboxypeptidase 
against a large excess of silver nitrate or PCM, and is consistent 
with previous observations that this silver salt does not inhibit 
the enzyme (11). 

However, this concealed mercapto group has a crucial fune- 
tional role through its bonding with zinc. Preincubation of the 
metal-free enzyme with an excess of silver or PCM blocks the 
restoration of activity to the metal-free enzyme by subsequent 
additions of stoichiometric quantities of zinc ions, which restore 
full activity to the untreated apocarboxypeptidase (Table III), 
The addition of zinc ions before such incubations also results in 
fully active enzyme. 

On storage, the zinc-free enzyme progressively loses the ca- 
pacity to be activated by zinc ions. A concomitant decrease in 
titratable —SH values suggests that oxidation accounts for this 
observation (see also Table III). In this regard, marked differ- 
ences have been observed between the enzyme prepared from 
acetone powder, used here, and that obtained from pancreatic 
juice (14). This lost faculty of reactivation by zinc ions is par- 
tially restored, however, in the presence of cysteine, thioglycol- 
late, or mercaptoethanol. Excess concentrations of these re- 
agents remove zinc from the native enzyme and inactivate it 
instantaneously; the inhibition by cysteine has been reported 
(11). 

A cysteine residue is the most probable locus for the sulfur- 
zinc bond in this enzyme, but the sulfhydryl group is not free in 
the active enzyme. It is the zinc mercaptide which is essential 
for activity. The relative strengths of binding of zinc, silver, 
and PCM to the apoenzyme, the relative strengths of metal bind- 
ing observed for the different metallocarboxypeptidases (3), 
metal-ligand interactions (15), and potentiometric titrations all 
suggest the existence of a second bond of the enzyme with zine, 
probably with nitrogen, in addition to that formed with sulfur. 
The consistent analytical demonstration of one mercapto group, 
the failure of the sulfhydryl reagents to displace zinc and to 
inhibit the native and fully reconstituted zinc enzyme, are in- 
consistent with a zinc-dimercaptide. 

The identification of a zinc mercaptide as a component of the 
active center of carboxypeptidase seems directly pertinent to the 
definition of the “active sites” of other zinc enzymes: alcohol 
dehydrogenase of yeast and liver, glutamic dehydrogenase, lactic 
dehydrogenase of muscle, carbonic anhydrase, and alkaline phos- 
phatase of Escherichia coli.“ Investigations along these lines are 
in progress. 

Removal of zinc, a component of the activity center of car- 
boxypeptidase, renders the mercapto group accessible to identi- 
fication as another component of that site, through blockage by 
specific and selective reagents. The fact that this one zinc atom 


D. J. Plocke, C. Levinthal, and B. L. Vallee, Abstracts, 
138th Meeting of the American Chemica! Society, New York, 
1960, p. 6c. at the September 1960 meeting of the American Chemi- 
cal Society, New York. 
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is |ound to the only mercapto group identifiable in carboxypep- 
tid: se limits the localization of the zinc mercaptide involved in 
activity to one particular residue in the amino acid sequence of 
the enzyme: cysteine. Such characterization of the molecular 
details of an active enzymatic site becomes feasible in an intact 
enzyme through features peculiar to metalloenzymes.“ 
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Substrate-Induced Denaturation of Lipoyl 
Dehydrogenase in Urea 
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Recent studies with arsenite (1, 2) have shown that during the 
catalytic action of lipoyl dehydrogenase (Straub diaphorase) a 
protein disulfide linkage is reduced to a dithiol. The present 
communication presents evidence which indicates that this ac- 
tive center disulfide also plays a vital role in the maintenance of 
the tertiary structure of the enzyme. 

When diaphorase is incubated at 25° in the presence of 6.5 M 
urea, no loss of activity (assayed with DPNH and a-lipoic acid) 
is found on dilution of the enzyme even after 8 hours of incuba- 
tion. However, when incubated anaerobically under the same 
conditions but in the presence of reducing substrate (DPNH or 


o R. J. P. Williams has recently concluded that a zinc-sulfur 
bond exists in carboxypeptidase A (personal communication, 
Nature (London), in press). 

* Permanent address. 
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Effect of reducing agents on lipoyl dehydrogenase activity 
Activity was determined spectrophotometrically at 25° by fol- 
lowing the oxidation of DPNH by lipoic acid at 340 ma. Each 
cuvette contained in a volume of 3 ml the following constituents: 
phosphate buffer, pH 5.9, 600 moles; crystalline bovine serum 
albumin, 2 mg; ethylenediaminetetraacetate, 3 moles; DPNH, 
0.3 mole; DPN, 0.2 umole; pi-a-lipoie acid, 2 wmoles; enzyme, 
4 to 40 ug. The reaction was begun by the addition of enzyme. 
Unit activity is defined as that amount of enzyme causing an 
initial optical density change of 1.0 per minute. The incubation 
experiments reported below were carried out with pure diaphorase 
(1.2 mg per ml) in the presence of 0.03 u phosphate, pH 7.6, and 
4X 10-‘ mu ethylenediaminetetraacetate. In all experiments with 

urea, freshly made solutions of recrystallized urea were used. 


t. 
After 8 hours in 6.5 Mm uren 15.6 


DPNH per mole of enzyme, 3 hours at 25°....... 0.0 
15.1 
In 6.5 M urea, reduced anaerobically by 30 moles of 
dihydrolipoamide per mole of enzyme, 4 hours at 
1.0 
15.3 


Na2S,0, per mole of enzyme, 3 hours at 255 0.0 
14.8 


dihydrolipoamide), irreversible inactivation results (Table I). 
The same results are obtained if sodium dithionite is used as re- 
ducing agent. The urea-substrate denaturation is not an in- 
stantaneous effect; under the conditions described it is complete 
in about 3 hours. 

In the absence of urea, the anaerobic addition of reducing sub- 
strates leads to the instantaneous production of the red flavin, 
semiquinone, which is stable for long time periods (3). The sta- 
bility of the semiquinone, as judged from results obtained with 
the subsequent addition of mercurials, is due to interaction with 
protein sulfhydryls, possibly those nascently produced by the 
substrates (2, 3). In the presence of 6.5 M urea, the same red 
color is produced by reducing substrates but now decays fairly 
rapidly, leading to extensive reduction of the flavin (Fig. 1). 
When air is admitted after complete reduction in urea, an in- 
stantaneous reoxidation of the reduced flavin is observed, with- 
out any sign una red intermediate in the reoxidation. This be- 
havior is in marked contrast to that of the native enzyme, where 
full reduction of the flavin is not obtained even on prolonged in- 
cubation with excess reducing substrate. Furthermore, if native 
enzyme is reduced fully with sodium dithionite in the absence of 
urea, on addition of air it is reoxidized slowly, going through a 
pronounced red semiquinoid intermediate stage before complete 
reoxidation. The absorption spectrum of the urea-reduced and 
reoxidized enzyme is quite different from that of the native en- 
zyme in urea; it closely resembles FAD, suggesting that the 
flavin-protein interaction is also destroyed in this denaturation. 
This conclusion is confirmed by dialysis, which leads to complete 
loss of the FAD from the urea-substrate reduced enzyme, but 
none from the enzyme which has been allowed to remain in the 
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Fic. 1. The effect of urea on the absorption spectrum of dia- 
phorase. All spectra except those so indicated were recorded 
anaerobically at 25° in the presence of 0.03 M phosphate, pH 7.6, 
and 4 X 10M ethylenediaminetetraacetate; enzyme concentra- 
tion 1.20 mg per ml. (A) @——®, oxidized enzyme; XxX, 
reduced with 9.3 moles of DPNH per mole enzyme, spectrum re- 
corded 18 hours after addition of DPNH; A——A, reduced with 
10 moles of NaS, per mole of enzyme, spectrum recorded after 
2 hours; , after reoxidation in air. (), spectra in 6.5 M urea. 
Solid line without points, oxidized enzyme; A——A, reduced 
with 10 moles of DPNH per mole of enzyme, spectrum recorded 
after 4 hours; XX, reduced with 22 moles of Na2S.0,, spec- 
trum recorded after 4 hours; @——@ Na, S. O,-treated enzyme 
after reoxidation in air. 


oxidized form in urea, or reduced in the absence of urea. In 
separate anaerobic urea experiments with DPNH or dihydrolipo- 
amide where air was admitted at various times, the residual en- 
zymic activity was found to be directly proportional to the resid- 
ual flavin semiquinone absorption (measured at 530 ma). Thus, 
oxygen can compete successfully with the reducing substrate in 
the reduction reaction which precedes the slow denaturation. It 
should be noted that the inhibition obtained by incubation of 
enzyme with DPNH and arsenite is also reversed by oxygen (2), 
suggesting that the dithiol form of the enzyme can be reoxidized 
to the original disulfide form, provided that disruption $f the 
tertiary structure by urea has not occurred. It is, therefore, sug- 
gested that the active center disulfide reduced by substrates also 
stabilizes the tertiary structure of the enzyme. Thus, in the 
absence of reducing agents, the enzyme is quite stable in 6.5 M 
urea and the spectrum is unaffected (Fig. 1); in the presence of 
reducing agents, this stabilizing disulfide is reduced to a dithiol 
form which permits extensive configurational changes to be ac- 


Adrenal Precursors of Urinary 17-Ketosteroids 
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Fic. 2. Schlieren patterns obtained during sedimentation at 
59,780 r.p.m. in the Spinco model E ultracentrifuge. Enzyme 
concentration, 8.6 mg per ml in 0.03 m phosphate (pH 7.6)-6.5 = 
urea. In the standard cell, lower trace, oxidized enzyme in 6.5 u 
urea; in the wedge cell, upper trace, enzyme which had been com- 
pletely reduced in 6.5 Mu urea with 11 moles of DPNH per mole of 
enzyme. (A) after 80 minutes, bar angle 60°; (B) after 144 min- 
utes, bar angle 60°. 


complished slowly in the presence of 6.5 M urea. This conclusion 
is strongly supported by ultracentrifugal studies (Fig. 2). In 6.5 
M urea the sedimentation constant of the untreated enzyme, cor- 
rected for the viscosity and density of the urea solution, is 4.91 
8, a value only slightly lower than that of the native enzyme in 
the absence of urea, 5.4 8 (4, 5). In contrast, the value for the 
enzyme after reaction with DPNH in urea solution is 1.44 8. 
This great change in sedimentation constant would imply either 
a very extensive unfolding of a single polypeptide chain or à real 
decrease in molecular weight due to the separation of two poly- 
peptide chains. Experiments are in progress to attempt to dis- 
tinguish between these two possibilities. 
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Athough it has long been recognized that the principal 11- 
deoxy-17-ketosteroids of human female urine, etiocholanolone, 


* Supported by Grant C-1679 of the National Institutes of 
Health, United States Public Health Service. 
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andlrosterone, and dehydroepiandrosterone, are mainly if not 
wholly derived from adrenal steroids, the chemical nature of 
these adrenal precursors has remained largely a matter of con- 


jecture. A*Androstene-3,17-dione which is metabolized to an- 


drosterone and etiocholanolone has been identified only once (1) 
as n secretion product of the human adrenal. Recently, Vande 
Wiele and Lieberman concluded from a metabolic study that 
dehydroepiandrosterone and not androstenedione was the princi- 
pal precursor of the urinary 11-deoxy-17-ketosteroids. However, 
their data do not eliminate other 4*-38-hydroxysteroids, particu- 
larly A*-androstene-38 ,178-diol, as possible precursors. Some 
doubt was cast on the general validity of their interpretation 
when Lombardo et al. (3) obtained dehydroepiandrosterone only 
once from adrenal venous blood in a series of 10 cases without 
adrenal disorders (cf. 4). Conversely, the data of Lombardo et 
al. can hardly represent a complete picture of the normal situa- 
tion since their results would lead to the false expectation that 
there is in female urine a great predominance of 17-ketosteroids 
with oxygen at C-11 over those not so substituted. 

To avoid as far as possible adrenal stimulation due to stress, 
all adrenal venous blood samples studied by us were obtained 
without major surgery by means of a cardiac catheter (4). Sam- 
ples (120 to 200 ml) were obtained at a rate of about 400 ml per 
hour from three women who had carcinoma of the colon (A), car- 
cinoma of the breast (B), and essential hypertension (C), respec- 
tively, but who showed no clinical signs of endocrine disorders. 
The plasma was treated with ether-aleohol and the soluble por- 
tion, after precipitation with dilute methanol, was fractionated 
by solvent partitions, Girard separation, chromatography of the 
less polar material on alumina, and by paper chromatography. 
The results are given in Table I. The adrenal origin of the blood 
was verified by cortisol determinations. A*‘-Androstene-3a , 178- 
diol was measured by double isotope dilution (5) in the following 
manner. A*-Androstene-3a ,178-diol-4-C", 1 to 2.5 ug, was 
added to the plasmas, purified by the procedures mentioned, acet- 
ylated with acetic anhydride-H’, and after the addition of carrier 
androstenediol diacetate recrystallized until the ratio of the two 
isotopes in successive mother liquors became constant. A sample 
of the crystals was subjected to countercurrent distribution to 
establish the purity of the labeled acetate. In order to calculate 
the amounts of diol present in the plasmas, the isotope ratios of 
the final products were compared with those of reference samples 
prepared from the pure diol-Ci by the same process of acetyla- 
tion and purification. Androstenediol was found only in small 
amounts. All three cases yielded dehydroepiandrosterone and 
A‘-androstene-3 ,17-dione. The identification of dehydroepian- 
drosterone rested on its chromatographic mobility, its infrared 
spectrum, its reaction with m-dinitrobenzene, and our inability 
to separate the acetate-H® of the isolated material from carrier 
dehydroepiandrosterone acetate. The identification of the less 
abundant androstenedione was based on mobility, on the ultra- 
violet spectrum, and the spectrum of the dinitrobenzene reaction 
product which showed the proper absorbancy ratio of the shoulder 


We wish to thank Dr. Lieberman for sending us a copy of a 
paper read at Vergennes, Vermont, on September 28, 1959. A 
single experiment of this type was reported previously (2). 
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TAL | 
Steroids from 100 ml of adrenal venous blood 
Case 
Compound 
A B C 
11. 
4*-Androstene-38,178-diol....... <0.3 0.5 0.2 
Dehydroepiandrosterone...... .. 17 47 8 
Androstene-3, I7-dione 5 5 3 
118-Hydroxy-A‘-androstene- 
b 3 7 8 


near 420 my (A*-3-ketone), and the peak near 530 my (17-ketone), 
and on our inability to separate its dinitrophenylhydrazone-H? 
from carrier ALandrostene- 3, 17-dione bis-2’ , 4’-dinitrophenylhy- 
drazone. Neither androstenedione nor free dehydroepiandros- 
terone could be detected in the peripheral blood of these patients. 
The compounds are considered genuine secretion products of the 
adrenal and not artifacts formed during the isolation. Although 
chromatography on alumina was found to convert 5 to 10% of 
11-deoxycortisol to ALandrostenedione, the amounts of deoxy- 
cortisol estimated to be present in the chromatographed material 
were too small to have made important contributions to the an- 
drostenedione values. Moreover, we have verified in another 
case the secretion of androstenedione since we found 3 yg by a 
procedure (paper chromatography with propylene glycol-tolu- 
ene) which removed deoxycortisol completely, before chromatog- 
raphy on alumina. In order to test whether a conversion of 
38 , 17a-dihydroxyA-*-pregnen-20-one to dehydroepiandroster- 
one could be effected by alumina, we added a tritiated sample of 
the former steroid to a plasma extract before chromatography. 
The dehydroepiandrosterone which was isolated showed no ra- 
dioactivity. The secretion rates of dehydroepiandrosterone and 
of androstenedione (as estimated from the collection rates), if 
maintained during a 24-hour period, could account for the excre- 
tion of the urinary 17-ketosteroids in these patients. The titers 
of these two compounds in adrenal plasma exceed that of 118- 
hydroxy-A*-androstene-3 , 17-dione, the principal known precur- 
sor of the 11-oxygenated 17-ketosteroids of urine. It seems justi- 
fied to conclude that the 11-deoxy-17-ketosteroids excreted by 
women are mainly derived from dehydroepiandrosterone and 
androstenedione. Variation in the ratio of these two products 
would alter the androgenic potency of the adrenal secretion but 
would have little effect on the titer of urinary 17-ketosteroids. 
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Factor B and Other Compounds Related 
to Vitamin B.; in Pyruvic Acid-CO, 
Exchange“ 

Jesse C. RaBINOWITZ 
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(Received for publication, July 19, 1960) 


It has been noted previously that carbon dioxide is rapidly ex- 
changed with the carboxyl group of glycine by growing cultures 
of Clostridium acidi-urici (1, 2) and Clostridium cylindrosporum 
(2). Although the mechanism of this exchange is not known, it 
probable that it is related to the reactions responsible for 
the rapid incorporation of carbon dioxide into the carboxyl group 
of pyruvic acid as described by Sagers and Beck (3), acting in 
conjunction with those enzymes responsible for the transforma- 
tion of pyruvic acid to glycine (3, 4). The requirement for co- 
enzyme A, thiamine pyrophosphate, and orthophosphate for the 
carbon dioxide-pyruvate exchange reaction in Clostridium buty- 
ricum has been reported previously (5). The present communi- 
cation describes the additional requirement for Factor B (6)! or 
other derivatives and coenzymes of vitamin B.: (7, 8) for the 
carbon dioxide-pyruvate exchange reaction catalyzed by extracts 
of both C. acidi-urici and C. butyricum. 

Sonic extracts of C. acidi-urici treated with Dowex 1-chloride 
catalyze an exchange between carbon dioxide and pyruvic acid 
when supplemented with a boiled extract of C. cylindrosporum. 
The boiled extract can be completely replaced by a mixture of 
coenzyme A together with Factor B, as shown by Experiment 1 
of Table I. The dependence of the exchange reaction in C. buty- 
ricum on the addition of Factor B and coenzyme A is shown in 
Experiment 3 of Table I. A mixture of thiamine pyrophosphate, 
adenosine 5/-triphosphate, diphosphopyridine nucleotide and li- 
poic acid does not activate the Dowex-treated extract of C. acidi- 
urici in the absence of coenzyme A and Factor B, nor does the 
mixture augment or inhibit the exchange activity observed in 
the presence of these two cofactors. After precipitation of the 
Dowex-treated extract with 80% ammonium sulfate at pH 8.0, 
the exchange activity catalyzed by extracts of C. acidi-urici de- 
pends on the further addition of thiamine pyrophosphate as 
shown by Experiment 2 of Table I. 

The requirement for Factor B by Dowex-treated extracts of 
C. acidi- urici can be replaced by vitamin Bis or any one of its 
derivatives which were tested. The relative activities of these 
cofactors and of coenzyme A are shown in Table II. Factor B is 
more active than any of the other vitamin Bis derivatives tested 
and has a K. of approximately 4 x 107° M. 

Pyruvic acid is the only a-keto acid of those tested which 
yields a C"-labeled 2,4-dinitrophenylhydrazone. The acids 
tested were a-ketobutyric acid, a-ketovaleric acid, a-ketoiso- 


* This work was supported in part by a research grant (A-2109) 
from the National Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. 

1 The product obtained by removal of the nucleotide from vita- 
min Bi by brief treatment with warm concentrated mineral acid. 
The sample was prepared by E. Lester Smith. 
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TaBLe I 
Requirements for C'*O:-pyruvate exchange reaction 

Each tube contained, in a I- ml volume, 225 umoles of potassium 
phosphate buffer at pH 7.0, 2 umoles of MgCl+, 200 umoles of 2- 
mercaptoethanol, 55 wmoles of sodium pyruvate, 11.0 wmoles of 
sodium bicarbonate-C™ containing 30,000 c.p.m.; and, when 
added, 0.01 umole of coenzyme A, 1 X I “ umoles of Factor B, 
or 0.1 wmole of thiamine pyrophosphate. The reaction was ini- 
tiated by the addition of the enzyme preparation. The tubes 
were incubated at 37° for 30 minutes, and the reaction was stopped 
by the addition of 0.1 ml of 20% perchloric acid. In Experiment 
1, an extract of C. acidi-urici containing 0.3 mg of protein which 
had been treated with Dowex 1-chloride was added. In Experi- 
ment 2, an extract of C. acidi-urici containing 0.03 mg of protein 
which had been treated with Dowex 1-chloride and then precipi- 
tated at pH 8.0 with 80% ammonium sulfate was used. In Experi- 
ment 3, an extract of lyophilized cells of C. butyricum ATCC 6014 
grown on a medium described by Koepsell and Johnson (9) was 
used. The extract was prepared by sonic rupture followed by 
treatment with Dowex 1-chloride; an amount was used which gave 
a concentration of 0.065 mg of protein per ml of incubation mix- 
ture. 


of 
hydrazone* 
c. p. m. n 
1 None 0.97 
Boiled extractt 56.0 
CoA 2.2 
Factor B 2.1 
CoA + Factor B 80.7 
2 CoA + Factor B 0.50 
CoA + Factor B + thiamine 
pyrophosphate 5.6 
3 None 0.78 
CoA 0.76 
Factor B 7.4 
CoA + Factor B 28.1 
- Boiled extract 23.2 


* The 2,4-dinitrophenylhydrazone was isolated by adding 6 ml 
of a saturated solution of 2,4-dinitrophenylhydrazine in 2 n HC 
to the acidified reaction mixture. The precipitate was washed 
twice with 0.3 N HCl, and was then dissolved in 0.5 ml of 10% 
sodium carbonate and diluted to 3.0 ml. The material was pre- 
cipitated by the addition of 0.2 ml of 85% formic acid, and of 
0.3 ml of 3N HCl. The phenylhydrazone was plated by filtration. 

C. acidi-urici, 500 mg, suspended in 10 ml of 0.01 M potassium 
phosphate buffer at pH 7.0, 0.1 M with respect to 2-mercaptoetha- 
nol, was boiled for 10 minutes. The supernatant solution ob- 
tained after centrifugation was concentrated to dryness by lyo- 
philization and the residue was dissolved in 2 ml of water. Tubes 
were supplemented with 20 Al when indicated. 


valeric acid, oxaloacetic acid, a-ketoglutaric acid, and pyruvie 
acid. The conditions used were identical to those described in 
Experiment 1 of Table I, but only 0.03 mg of enzyme was used 
per ml. The 2,4-dinitrophenylhydrazone isolated does not be- 
come labeled when HC“OOH acid is used in place of Ci, under 
these test conditions. 

The 2,4-dinitrophenylhydrazone of the product formed in the 
enzymic reaction catalyzed by extracts of C. acidi-urici has the 
same chromatographic mobility on paper as the phenylhydrazone 
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TABLE II 

Relative activities of cofactors for CO:-pyruvate exchange reaction 

Conditions for assay were identical with those described in 
Experiment | of Table I, with varying amounts of cofactors and 
0.01 zmole per ml of coenzyme A. The concentration of cofactor 
was determined from the absorption of a stock solution of each 
cofactor in O. I N KCN with a molar extinction value of 27.8 X 
10° at 361 ma for Pseudo Bis, and 30.4 X 10? at 367 ma for the 
other cofactors. The K,, for coenzyme A determined in the pres- 
ence of 1 X 10-5 umoles of Factor B was 2.4 X 107? . 


Cofactor* Km 


Factor B (Dicyanocobinamide) 4.2 
Pseudo vitamin Bi: (a-adenine-cyanocobamide) | 5.0 
Aquo vitamin Bi: 1.8 
Vitamin Bi: (5,6-dimethyl-a-benzimidazolecy- | 2.5 


anocobamide) 
Adenyleobamide coenzyme 2.0 X 10 
Benzimidazolyleobamide coenzyme 1.3 X 10 
5,6-Dimethylbenzimidazolylcobamide coenzyme | 3.3 X 10 


0 Al the samples of cofactors were kindly provided by H. A. 
Barker. 


of pyruvic acid in three different solvent systems? and is the only 
C-containing component detectable on the chromatograms. 
The enzymically formed CiC containing product was further iden- 
tified as pyruvic acid by reducing the phenylhydrazone of the re- 
action product with hydrogen in the presence of PtO; (10). A 
single ninhydrin-positive product containing Ci is formed which 
is indistinguishable from alanine by paper chromatography in 
two solvent systems.“ The pyruvic acid phenylhydrazone iso- 
lated from the enzymic reaction mixture was degraded with ceric 
sulfate in order to locate the position of the C (13). The carbon 
dioxide and acetic acid which are formed in the degradation are 
derived from C-1 and C-2 + 3 of pyruvic acid, respectively. 
These products were isolated and counted, and essentially all 
the radioactivity of the pyruvic acid was found in the carbon 
dioxide derived from the carboxyl group of pyruvic acid. 

The author would like to acknowledge the skillful technical 


assistance of Shirley Sunden in this work. 
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Warburg and his associates (1, 2)! have recently provided evi- 
dence that the presence of CO, is essential for the occurrence of 
the Hill reaction, that is, for the photoreduction of added oxi- 
dants, with accompanying oxygen evolution, catalyzed by vari- 
ous types of chlorophyll-containing preparations. This recalls a 
report of Boyle (3) that CO; is required for the photoreduction of 
quinone by chloroplast suspensions. Boyle’s results have ap- 
parently been ignored in most laboratories, presumably because 
of the difficulty of duplicating them. Warburg has discussed the 
problems associated with the use of quinone in such experiments; 
and he has emphasized that the requirement for CO; is a charac- 
teristic of Hill reactions generally, including those catalyzed by 
thoroughly washed chloroplast fragments as well as those cata- 
lyzed by algal cell suspensions. 

The results here described are presented in partial confirma- 
tion of Warburg’s conclusion. The oxidant used in the present 
studies was ferricyanide with a catalytic amount of trichloro- 
phenol indophenol. We have previously reported that the cata- 
lytic effectiveness of spinach grana for photoreduction of the 
dye-ferricyanide mixture declines more rapidly with time in the 
absence of CO; than in its presence (4). The following experi- 
ments present evidence that this inactivation by CO; removal is 
not a pH effect and that it is easily reversed by addition of CO, 

Grana were prepared from spinach or kohlrabi leaves by first 
isolating the intact chloroplasts in 0.35 M NaCl (5). These 
chloroplasts were disrupted by suspension in distilled water (100 
ml of HO for chloroplasts from 10 g of leaves), and recovered by 
centrifugation. The procedure employed to remove the CO; 
from the chloroplast reaction mixture consisted of a prolonged 
incubation in the dark in conical Warburg manometer vessels 
with 0.2 ml of 20% KOH solution in the center well to reduce the 
CO; tension to a negligible value. The filter papers placed in 


* Supported by a grant from the National Science Foundation. 

1 Attention is called to an additional reference which was not 
available when this paper was submitted. Warsvure, O., anp 
Karippant, G., Z. Naturforsch., 16b, 367 (1960). 
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I 
Effect of CO, and of pH on photoreduction of ferricyanide 
by kohlrabi grana 


Reaction mixtures contained 100 wmoles of sodium pyrophos- 
phate buffer of pH 6.8, 40 wzmoles of KCI, 0.07 wmoles of trichloro- 
phenol indophenol, and kohlrabi grana containing 0.2 mg of 
chlorophyll, with water to make a final volume of 3.0 ml. In 
addition 5, 10, 20, and 30 umoles of HCl were added to Samples 3, 
4, 5, and 6, respectively. The dark preincubation period was 2.5 
hours. Twenty zmoles of ferricyanide in 0.2 ml of H,O were 
tipped in from the side arm at the onset of illumination with white 
light of 4000 foot candles. Illumination was for 20 minutes. 
Temperaturo, 20°. Other details in text. 


per howe 
Sample No. Initial pH COs Pressure in- 
Ferricyanide Grease cal. 
reduced (4 X moles 

1 6.8 — 72 93 

2* 6.7 + 162 (245) 

3 6.7 — 48 65 

4 6.6 — 45 — 
5* 6.45 — 47 68 
6* 6.3 — 50 72 


* Average of two separate determinations. 


II 
Reactivation of Hill reaction by bicarbonate 
Composition of the reaction mixtures and other experimental 
details are given in the legend for Table I. 


Reaction rate in amoles 
per mg clhorophyil per 


Source of grana and procedure 


Spinach*—dark preincubation 3 hours, assay 
in light 40 minutes: 


No CO; present in dark and light......... 38 45 
CO; present in dark and light............. 97 (126) 
No CO, in dark; CO, present in light 85 (123) 


Kohlrabi—dark preincubation 3.5 hours, 
assay in light 25 minutes: 
No CO, present in dark and light......... 48 57 
CO; present in dark and light............. 143 (198) 
No CO; in dark; CO, present in light..... 117 (178) 


* All results represent averages of separate duplicate deter- 
minations. 


the KOH solution were cut to give as large an absorbing area as 
possible. The vessels were gassed with N. For comparison, 
duplicate reaction mixtures were incubated simultaneously under 
identical conditions except that KOH was omitted and the gas 
phase contained 1.5% of CO: in N: At the end of the dark in- 
cubation, ferricyanide was tipped in from the side arm, the light 
was turned on, and the photoreduction was allowed to proceed 
until the manometric pressure increase indicated that an ap- 
propriate fraction of the ferricyanide had been reduced. The 
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reaction was stopped by turning off the light and adding 0.5 ml 
of 20% trichloroacetic acid. After centrifugation, the amount of 
unreduced ferricyanide was measured spectrophotometrically on 
an aliquot of the supernatant (6). Appropriate controls showed 
that there was no appreciable reduction of ferricyanide in the 
dark, that red light gave essentially the same results as white 
light, that ferrocyanide was formed in the expected amount, and 
that air could be used instead of N, 

With the procedure described above, there is a gradual loss of 
photoreducing activity of the grana during the dark preincube- 
tion period both in the presence and in the absence of CO,, but 
the loss of activity js invariably greater for the sample incubated 
at very low CO; tension. The experiment summarized in Table 
I is one of several with spinach and kohlrabi grana, which have 
shown that this CO; effect is not a pH effect. On equilibration 
with 1.5% of CO,, the buffered solution acquired about 5 umoles 
of bicarbonate, and the pH dropped from 6.8 (as in Sample 1) 
to pH 6.7 (as in Sample 2). In Sample 3, an equivalent pH 
change brought about by HCl addition at the beginning of the 
dark incubation, clearly resulted in no increase in the photore- 
duction rate such as was observed with CO: The results with 
Samples 4, 5, and 6 show that a decrease of pH to 6.3 had no ap- 
preciable effect on the photoreduction rate. The results of the 
manometric observations are included in Table I, calculated as 
umoles of electron equivalents (i.e. 4 K umoles of O: evolved) to 
get figures which can be compared directly with the amount of 
ferricyanide reduced. The value for Sample 2, given in paren- 
theses, includes the CO; released into the gas phase, as acid is 
formed during ferricyanide reduction (7). Even in the presence 
of KOH the values for O: evolution appear to be consistently 
larger than the values for ferricyanide reduction. However, the 
error in these manometric measurements may be as large as 30% 
of the total change. The spectrophotometric measurements wer 
considerably more accurate. The data in Table I are regarded 


as clear evidence that the CO: effect is not a pH effect. 


Another line of evidence for the same conclusion is provided 
by the determination of the effect of eliminating trichlorophenol 
indophenol from the reaction mixture. The stimulatory effect 
of CO: can be observed in the absence of dye as well as in its 
presence, but the magnitude of the CO: effect is much enhanced 
by the dye. This is because the added dye has a strong stimuls- 
tory effect on the photoreduction of ferricyanide in the presence 
of CO,, whereas the effect on ferricyanide photoreduction by 
grana deprived of CO; is relatively small. The catalytic amount 
of dye used does not change the pH of the reaction mixture. 
Table II contains the results of representative experiments to 
show that most of the activity apparently lost during CO, depri 
vation can be retored by addition of CO, to the incubation 
mixture just before the photoeduction assay. In these exper: 
ments, two duplicate vessels were set up for preincubation with 
KOH in N. At the end of the preincubation period, the KOH 
was neutralized in one of these vessels, and a gas phase of 1.5% 
of CO; in N, was introduced. Subsequent measurement of the 
photoreduction rates showed that 80 and 73% of the activity 
lost in the absence of CO; had been regained after CO; addition 
These are typical results. Restoration in 15 minutes of up & 
100% of the activity found in the control sample has been ob 
served in other experiments, and recovery has never been les 
than 60%. 

These experiments show that the loss of activity attendant a 


CO; removal is largely reversible. The reactivation by added 
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CO; is rapid relative to the inactivation by CO; deprivation. 
The long time period required for removing the CO; can probably 
be shortened by more effective experimental procedures. 
The present experiments have been described here in full de- 
tail before completion of our studies because of the theoretical 
importance which attaches to the demonstration that CO: is re- 
aud for the Hill reaction. Warburg has suggested that the 
CO, provides a precursor for the photoevolution of O, (2). 
Although our results permit no additions to the conclusions drawn 
by Warburg, they may encourage other investigators to satisfy 
themselves that the CO; effect on the Hill reaction is a striking 
and reproducible phenomenon. 
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Preliminary Communications 


The Isolation of Deoxyribonucleic Acid 
from Bacterial Extracts by 
Precipitation with 
Streptomycin* 


Seymour S. Conen AND JaANet LICHTENSTEIN 


From the Department of Biochemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania 


(Received for publication, August 15, 1960) 


The precipitation of the nucleic acids by streptomycin was 
described by one of us some years ago (1). In the early studies 
it was observed that the antibiotic precipitated undegraded de- 
oxyribonucleic acid (DNA) more readily than smaller nucleates, 
such as ribonucleic acid (RNA) (1). We have now used this 
reagent to precipitate DNA relatively specifically from extracts 
of Escherichia coli. Added in small increments to solutions of 
low ionic strength, streptomycin first precipitates DNA, with 
some protein. After DNA is removed, continued addition pre- 
cipitates the ribosomal fraction containing most of the RNA. 
Excess streptomycin also precipitates non-particulate RNA on 
standing in the cold. 

H. coli strain B was harvested at 4 X 10 per ml during expo- 
nential growth in a glucose-mineral medium (2), and the bacterial 
pellets were ground in alumina and extracted with H: (3). The 
extracts and subsequent fractions were analyzed for protein, 
DNA, RNA, and ultracentrifugal properties. In Table I and 
Fig. I are presented data on the original extract and four super- 
natant fractions after the stepwise addition four times of 0.3 ml 
of 0.1 M streptomycin sulfate to 20 ml of an extract. The initial 
addition of 30 umoles of antibiotic precipitated only about 10% 
of the 24 umoles of DNA phosphorus. Over 80% of the DNA, 
but essentially no RNA, was precipitated on the second addi- 
tion. As can be seen in an analysis of 82 (Fig. I), the DNA spike 
disappeared without removal of the ribosomes. A third addi- 
tion produced only opalescence without precipitation after 1 hour 
in the cold. On the fourth addition to 83, a bulky fine precipi- 
tate formed that contained over 80% of the RNA and essentially 
the entire ribosomal fraction. 

In most preparative studies, described below, the bacteria were 
extracted in 0.001 m phosphate (pH 7) containing 0.005 M Mg** 
and sedimented 1 hour at 114,000 x g to remove the ribosomes. 
The supernatant fluids were then precipitated with streptomycin. 

The DNA precipitates contained 0.5 to 0.7 mole of strepto- 
mycin (J) per mole of P. In solution in 0.2 M NaCl and dialysis 
against this solution, the streptomycin was eliminated. The 
protein to DNA ratios of dialyzed solutions from various prepa- 
rations varied from 0.8 to 2. ep values were 6300 to 6800, and 


* This study has been aided by a grant from the Commonwealth 
' Molar extinction coefficient on p basis. 


the ratios of optical densities at 280 my to 260 my were 0.55 to 
0.57. The distribution of S rates for 90% of the ultraviolet- 
absorbing material, determined at 30 to 40 ug of DNA per ml, 
were in the range of 7 to 27 S with S,,. of 17 to 20 8. The 
values for / e estimated at a shear gradient of 300 sec.’ and 
at 0.002 g of DNA per 100 ml, were 1600 to 2200 ml per g. 

Starch electrophoresis (5) separated much, but not all, of the 
protein from the DNA, which migrated in a broad band. In 
five experiments, the protein to DNA ratios of the DNA-con- 
taining material eluted from the starch bed (DNA recoveries in 
this step were 30 to 50%) were 0.56 + 0.16, values about one- 
third that obtained with thymus nucleohistone. When parallel 
cultures of cells killed by growth in 40 yg of streptomycin per 
ml were extracted and precipitated, the DNA migrated even 
more uniformly in starch electrophoresis, as described in Fig. 2. 
Eluted DNA fractions in these cases possessed markedly lower 
protein to DNA ratios in several experiments. 

The distribution of S rates of DNA for the entire DNA frac- 
tion before starch electrophoresis was very similar to that of peak 
fractions after electrophoresis. Thus, in an experiment on a 1- 
hour control extract other than that presented in Fig. 2, the 
S. oa before electrophoresis was 20.2, whereas two fractions eluted 
from the 17- and 21-cm positions in the starch bed possessed 
8. of 20.3 and 22.2, respectively. In this experiment also, the 
DN<A-containing material (before electrophoresis) derived from 
streptomycin-killed cells had an 8. of 17.6, whereas that of a 
peak fraction after electrophoresis had an 8, of 17.3. 


TABLE I 
Fractionation of Escherichia coli extract with streptomycin 


Fractions Protein DNA RNA“ 


me/ml | pg/ml 
Initial extract 7.8 | 370 | 760 | 43.4 | 28.4 | 8.9 7.9 


81 8.0 | 331 748 
82 7.9 62 721 | 49.8 32.5 4.9 
83 7.3 20 712 
84 5.8 0 100 4.9 


RNA is expressed in yg of orcinol-reactive pentose. 


Fic. 1. Schlieren sedimentation patterns of an F. coli extract 
in H,O and two supernatant fractions after stepwise precipitation 
with streptomycin. Patterns 1, 2, and 3 (left to right) are those 
of the extract, 82, and S4, respectively. Runs were made at 42,040 
r.p.m. Pictures were taken 12 minutes after coming to speed. 
Bar angles were 50°. 
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Fic. 2. The distribution of DNA after electrophoresis on starch. 
Aliquots containing about 2 mg of DNA were run in a starch- 
phosphate (0.02 m pH 7.5) bed (30 cm X 3.8 cm) for 16 hours at 
4° at 150 volts and8 ma. The “l-hour control“ was derived from 
bacteria grown for 1 hour from 2.8 Xx 10° to 6.1 X 100. One 
hour + 8“ describes a parallel preparation derived from bacteria 
grown in 40 yg of streptomycin per ml for 1 hour. Viable bacteria 
per ml fell from 2.8 X 10° to 7.7 X 10°. Protein to DNA ratios 
for pooled fractions 8 to 14 and 15 to 19 in the 1-hour control were 
0.46 and 0.49, respectively, whereas the ratio for pooled fraction 
15 to 19 in the 1 hour + S was 0.17. The initial ratios had been 
0.84 and 0.53, respectively. 


In the purification of the deoxycytidylate hydroxymeth- 
ylase (6) from several extracts of 40-liter batches of cells in- 
fected 15 minutes by T6r*, streptomycin was used to preciri- 
tate all the nucleic acids (15 ml of 5% streptomycin sulfate per 
100 ml of extract). The precipitates were dissolved in 0.2 M 
NaCl and dialyzed against 20 volumes of H:O overnight. The 
resulting streptomycin precipitates contained over 80% of the 
DNA and only small amounts of RNA. After resolution in 0.2 
M NaCl and dialysis against this solution, the DNAs migrated 
uniformly as a sharp band in starch electrophoresis. This sharp 
‘band yielded material of which the protein to DNA ratio was 0.1 
or less. In addition, solutions of DNA and protein, after re- 
moval of antibiotic by dialysis, were readily deproteinized by 
CHC, capryllie alcohol. Preparations of DNA that were iso- 
lated by precipitation with alcohol had ep of 6200 and contained 


0.25 to 0.26 mole of glucose per mole of P, the ratio obtained drance should reduce the chances of contact between bulkier - 
with the DNA of T6r* phage. These substances were evidently 
the typical glucosylated DNA of T6 bacteriophage, which, how- 
ever, were derived from the DNA pool of infected cells and not 
from the phage. 


“Buried” and “Exposed” Groups in Proteins 


A DNA-protein complex was separated by streptomycin pre- 
cipitation from normal bacterial extracts, to which had been 
added a streptomycin-precipitated DNA- free extract derived 
from labeled bacteria. These materials were subjected to starch 
electrophoresis and the DNA-containing fractions had labeled 
protein, to an extent which indicated that about one-third of the 
protein present was not originally associated with the DNA. 
Nevertheless, it appears that much of the protein associated with 
the DNA is not readily exchangeable. 
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Spectrophotometric Criterion for 
Buried and Exposed 
Groups in Proteins“ 


Tueovore T. HERSKOVITS AND MicHaEL LASKkOwSkI, JR. 


From the Department of Chemistry, Purdue 
University, Lafayette, Indiana 


(Received for publication, August 16, 1960) 


Small changes in the solvent composition of aqueous solutions 
of chromophoric materials generally cause small shifts in the 
absorption spectra of the chromophores. Such shifts have been 
attributed to changes in differences between the solvation energies 
of the ground and excited states (1, 2). Although the detailed 
interpretation of the reasons behind these changes (refractive 
index, dielectric constant, hydrogen bonding, etc.) is complex, 
it is fairly certain that the forces responsible must be operative 
over short distances compared to the rather large dimensions of 
protein molecules. This suggests a method for distinguishing 
between “buried” and “exposed” chromophoric groups in pro- 
teins. The spectra of groups buried in the interior of the pro- 
tein molecule should not be affected by small solvent pertur- 
bations, provided the conformation of the protein remains 
unaffected by the additive. On the other hand spectra of ex- 
posed groups in contact with the solvent should experience the 
whole perturbation.! 


* This work was supported by a Grant A-3306 from the National 
Institutes of Health, Bethesda, Maryland. 

The sharp division of chromophoric groups into totally bur- 
ied’’ and “exposed”’ groups is an oversimplification. There must 
be intermediate groups lying close to the surface or ones that are 
partly blocked to free access of solvent. In principle steric hin- 


solvent molecules and such groups and accordingly diminish the 
consequent spectral shifts. Some indications that this is the case 
have been observed. Furthermore a ‘“‘buried’’ group need not 
necessarily be involved in strong secondary interactions; likewise 
an exposed group may be involved in such interactions. 
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The small spectral shifts due to solvent perturbations can be 
best measured by the technique of differential spectrophotome- 
try with the use of tandem double cells to correct for solvent 
differences. Polyhydroxy compounds (20% sucrose, glycerol, 
ethylene glycol, polyethylene glycol, etc.) were chosen as per- 
turbing solvents since they cause definite changes (red shifts) in 
the spectra of tyrosine derivatives (3, 4) and since they are un- 
likely (5) to cause large changes in the protein conformation. 
Ribonuclease was chosen as a test protein. 

Of the 6 tyrosyl groups in native RNase only 3 ionize readily 
and reversibly. This titration anomaly has led to the belief 
(6, 7) that the 3 tyrosyls which are difficult to ionize are buried“ 
in the interior of the protein. In concentrated urea solutions 
(8 u) or in guanidine hydrochloride-urea mixtures all 6 tyrosyls 
are known to ionize normally (8, 9), suggesting that the protein 
in these denaturing media is unfolded with all 6 tyrosyl] groups 
accessible to the solvent. 

If this hypothesis is correct, the spectral perturbation (red 
shift) of RNase with all of its disulfide bridges cleaved should be 
roughly twice that of the native protein (hydrodynamically both 
oxidized RNase and reduced carboxymethylated ribonuclease 
behave as solvated random coils (10)). This contention is largely 
borne out, as shown in Fig. 1. The absorbancy differences be- 
tween water and 20% polyhydroxy solvents are nearly twice 
greater for reduced carboxymethylated ribonuclease (11) and for 
urea-denatured RNase than for native RNase in neutral and 
slightly acidic solution. Below pH 3.0 the absorbancy differ- 
ences of native (but not of denatured or reduced) RNase show 


Fic. I. Difference in absorbancy at 286 to 288 my between solu- 
tions of ribonuclease in water and in 20% polyhydroxy solvents 
relative to the difference for native ribonuclease at pH 5 to 6. 
@ @, 20% sucrose; O Q, 20% ethylene glycol; ). 20% glycerol. 
Insert, difference spectra of native RNase (pH 5.5) (——); RNase 
dentured in 8 u urea (....); and reduced carboxymethylated 
ribonuclease (RCRNase) C ). 20% sucrose versus water. 
1/2 = 0.25,c = 3 Xx 10, 25°. 


T. T. Herskovits and M. Laskowski, Jr. 
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an appreciable rise suggesting that most tyrosyl groups are pro- 
gressively exposed in acid solution. In the same pH region 
Scheraga (12) and others (13, 14) observed similar changes in 
pH-dependent differences spectra which are related to the ex- 
posure of groups described here. 

In bovine serum albumin no more than 30% of the tyrosyls 
appear exposed? to sucrose and glycerol in the pH range 7.4 to 4.2. 
Between pH 4.2 to 3.8, the region in which Tanford et al. (15) 
observed the native-expandable transformation and Foster (16) 
and his associates the N-F isomerization, there is a sudden ex- 
posure of an additional 20% of the tyrosyls. At higher ionic 
strength (['/2 = 0.25) there is only a minor further change as 
the pH is lowered from 3.8 to 1.0. 


These experiments suggest the more general application of the 
method to structural studies of proteins and related problems of 
protein and enzyme reactions dealing with questions of locating 
the environment and specific involvement of various natural and 
artificial chromophoric groups. 
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? The extent of exposure of tyrosyls was judged by comparison 
of the absorbancy differences caused by the perturbing solvent in 
thioglycolie acid-reduced bovine serum albumin in 8 M urea (as- 
sumed 100% exposed) and in the native protein. The molar ab- 
sorbancy differences (based on 175 = 6.67 at 279 ma and the 
molecular weight of 69,000 for the native protein (16)) in 20% 
(weight per volume) sucrose at 286 to 288 ma were: de = 49 
to 5.1 X 10°, pH 7.5 to 4.2; Ae = 78 to 9.5 X 10, pH 3.8 to 1.0; 
reduced in 8 u urea, Se = 1.6 to 1.8 X 10* (independent of pH); 
r/2 = 0.25; 25°. 
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3,5-Androstadiene-11$-ol-17-one: A New 
Metabolic Product of 4-Androstene- 
118-ol-3,17-dione in Man“ 


M. Neeman, W. Roy SLauxwulrz, In., LAVALLE M. NEELy, 
James G. Colsox, AND Avery A. SANDBERG 


From the Roswell Park Memorial Institute, Buffalo, New York 


(Received for publication, September 6, 1960) 


Isolation studies of the human metabolites of the adrenal 
steroids 4-androstene-118-ol-3 ,17-dione (I) (1) and adrenoster- 
one (II) (lc, 2) have afforded four products, namely 11-oxo-, 
and 118-hydroxy-5a- or 58-androstane-3a-ol-17-ones. The 5a: 
58 ratio of the metabolites was found to differ in normal males 
and females (le) from those in male patients with multiple 
sclerosis (la), congenital adrenal hyperplasia (1b), rheumatoid 
arthritis (2), and in a highly virilized female (1a). 

Our preliminary experiments have affomled an additional, less 
polar metabolite (IIIa), when tracer dos of 4-C"-labeled I 
were administered to normal male and female subjects by oral 
or by intravenous routes. The urine of a normal male (A. S.), 
after ingestion of 3.00 g of I over a period of 3 days, and 2 mg 
(1 we) of I-4-C™ on the second day, afforded, in addition to the 
known 3a-ols (1, 2), IIIa in 5% vield by consecutive enzyme'- 
mild acid? hydrolyses; gradient elution chromatography (3); 
countercurrent distribution between 1:1 hexane-benzene and 
1:9 water-methanol; and recrystallization from benzene and 
acetone. The metabolite IIIa of m. p., 148°, 5.5 X 10 we/mg 
(C, 79.58%; H, 9.21%), was assigned the 3,5-androstadiene- 
118-ol-17-one structure on the following evidence: (a) AE{2# 
(log E) 228(4.27), 235(4.31), 243(4.14); (b) ASS. 2.88 w (OH), 
5.75 wp (C=O), XET 6.09, 6.18 wp (C=C); and (e) recovery of 
IIla unchanged after attempted acetylation. The structure of 
IIIa was confirmed by converting I (4) to its 3-benzylthioenol 
ether, m. p., 205-207°, ABA 268 my (4.26), ASS 5.75 pw 
(C=O), and desulfurizing the latter with partially deactivated 
Raney nickel (5). The resulting dienolone (IIIb) was identical 
(m. p., infrared and ultraviolet spectra) with IIIa isolated from 
the urine. 

In further experiments, involving the ingestion of 1.00 g of I, 

* This investigation was supported by American Cancer Society 
Grant P-265, and in part by United States Public Health Service 
Grant CY -3559. 

1 g-Glucuronidase (‘‘Ketodase’’ of Warner-Chilcott Labora- 


tories), pH 5, 96 hours. 
2 Continuous ether extraction of the urine at pH 1, 48 hours. 


3 ,5-Androstadiene-1 1B-ol-17-one 


diethyl ether extracts of the urine before hydrolysis, after the 
enzymic,' and after the mild acid? hydrolyses were fractionated. 
The two latter extracts contained IIIa in a 3:4 ratio, apparently 
derived from conjugates of a very easily dehydrated precursor, 
such as 4-androstene-3a,118-diol-17-one. Evidence for the 
presence of glucuronides of an allylic aglycone of this type in 
the urine was obtained by its enzymic hydrolysis at pH 7.5 with 
bacterial (Escherichia coli) B-glucuronidase (Type I of Sigma 
Chemical Company, 50,000 units/g, 100 units/ml! of urine, 72 
hours). The urinary diethyl ether extract had only end absorp- 
tion in the ultraviolet; a strong band, \EZt2" 240 muy, appeared 
after oxidation of an aliquot of the extracted solids in methylene 
chloride solution with hydrated manganese dioxide (6, 7). The 
treatment of an aliquot of the extracted solids with acetic 
anhydride at 100° produced the ultraviolet spectrum charac- 
teristic for the diene IIla. In view of the known difference in 
stability of the epimeric steroidal 4-ene-3-ols (8), these findings 
indicate the presence of 4-ene-3a-ol in the enzymic hydrolysate 
of the urine. 

The lack of previous direct evidence for the existence of allylic 
4-ene-3-ols in metabolic pathways may be due to their failure 
to survive in conventional procedures for the production of 
aglycones from their conjugates (9), in analogy to the problem 
encountered in the hydrolysis of the bioside scillaren A to its 
allylie genin scillarenin (10). 
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Preliminary Communications 


The Incorporation of the Carbon of the 
Ethyl Group of Ethionine into Liver 
Nucleic Acids and the Effect of Ethio- 
nine Feeding on the Content of Nu- 

cleic Acids in Rat Liver* 


Jaxos A. Stexot, Usna Mopy, AND James PERRY 
From The Institute for Cancer Research, Philadelphia, Pennsylvania 
(Received for publication, August 5, 1960) 


We have shown that the carbon of the ethyl group of ethionine 
is incorporated into the phospholipid choline and creatine of rat 
tissues, and we suggested that ethionine, like methionine, under- 
goes dealkylation and that the alkyl group is transferred to 
various acceptors in vivo (1). Since then, it has been demon- 
strated that the intermediate in transmethylation reactions from 
methionine is S-adenosyl-t-methionine (2-4) and that ethionine 
is activated by the methionine-activating enzyme of rat liver 
(5), and yeast (6), and adenosine triphosphate to S-adenosyl-t- 
ethionine. With the use of S-adenosyl-t-ethionine, it has also 
been demonstrated that its ethyl group is transferred in chick 
pectoral muscle preparations to histidine and carnosine to give 
the corresponding ethyl derivatives of these metabolites (7). 
We expressed the possibility that the formation of S-adenosy]-L- 
ethionine from administered ethionine in vivo (5) and the forma- 
tion of ethylated derivatives of normal metabolites from it may 
account, at least in part, for the inhibition of a variety of en- 


/ 


(12), except that ice-cold 3% perchloric acid was used instead 
of trichloroacetic acid. The extracted dry pulverized liver 
powder was used in the of the material (12) for the 
determination of DNA (13) and RNA (14), with the use as 
standards of pure samples of calf thymus DNA and yeast RNA. 
The data in Table I show that the DNA content per g of liver 
was greatly increased in ethionine-fed rats of both sexes, altering 
the ratio of RNA to DNA found in normal rat livers (15) from 

about 4 to about 2. The data in Table II show that in ethionine- 
fed rats the extent of incorporation of thymidine-CH,-H?’ into 
liver DNA is considerably greater than in normal rats 2 hours 
after the intraperitoneal injection of a single dose of radiothymi- 
dine. This observation is in contrast to that recently reported 
(16) which indicated that the administration of ethionine to par- 
tially hepatectomised rats inhibited the incorporation of thymi- 
dine into liver DNA. 1-Ethionine-C--H,-1-C™ was then injected 
intraperitoneally into a pool of 3-month-old normal female rats 
in two divided doses, 3 hours apart, and the animals were killed 
20 hours after the injection of the first dose of radioethionine. 
The pooled livers were extracted as before, and the RNA and 
DNA content of the dry liver powders was determined as pre- 
viously described. Sodium nucleates were then isolated from 
the powders (17), and the nucleates were purified until they were 
free from protein. The extracted proteins were free from the 


TaBLe I 
Effect of ethionine feeding on content of liver 
DNA and RNA in rat 
The figures in parenthesis are the highest and the lowest value 
obtained on three to four rats of each sex on each of the diets. 


zymatic reactions in animal tissues (1). Several of such in- : 
hibitions, which were induced in rat liver preparations by Sex Diet DNA RNA rf 
ethionine feeding to intact animals, could be reproduced by the 
incubation of liver preparations of normal rats with S-adenosyl- —— 3 
L-ethionine (8). It has been previously shown that ethionine is Male | 8% casein 1.74 6.88 3.96 
incorporated into the liver proteins of rats (9), the proteins of (1.98-1.50) C. 66-6. 00) 
Tetrahymena geleii (10), and into a-amylase of Bacillus subtilis : 
(11). In the latter case, however, it has been shown that the — gy Pave * 6. — (9. pil * 
a-amylase containing ethionine had the same physicochemical 
properties and enzyme activity as those of normal a-amylase Female | 8% casein 1.76 6.91 3.92 
(10). (1.88-1.70) | (7.20-6.80) 

In the present study, information was sought to substantiate 
the possibility that ethionine administration to rats affects the Female | 8% casein + 3.61 7.70 2.13 
nucleic acids of the liver, and that the carbon of the ethyl group ethionine (4.04-3.17) | G. 107. 30) 
of ethionine is incorporated into the nucleic acids of the liver. 
Three- to 4-month-old rats of both sexes were individually Male | 24% casein at antl quan 4.50 
maintained on a synthetic diet containing 8 or 24% casein, or 3 
on the same diets which were supplemented with 0.25% 1 Male 24% casein + 6.74 9.47 1.40 
ethionine. On the 8% caspin diet, the rats were maintained ethionine (7.00-6.50) | (9.60-9.20) 
for 1 to 2 months, and on the 24% casein diet for 7 months. 
The rats were killed, the livers were i iately frozen and Female 24% casein 3.18 11.95 3.76 
weighed, homogenized, and extracted as previously described (3.20-3.00) | (12.20-11.70) 

ute of t ni tates rvice, : 
Maryland and from the American Cancer Society. 
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Tasie II 
Incorporation of thymidine-CH;-H? into liver 
DNA of normal and ethionine-fed rats 
Each rat was treated by injection with 0.1 mg thymidine-CH;- 
H' (1 X 10’ c.p.m.) as described in the text. 


Dit 
me c. m. 
Normal. 16 22 352 
Ethion ine 200 105 21,000 


* The rats were maintained on a 24% casein diet or on the same 
diet supplemented with 0.25% pi-ethionine. 


Taste III 
Incorporation of carbon of ethyl group of ethionine-C:H ,-1-C"* into 
rat liver nucleic acids and total proteins 
A total of 17.4 mg of t-ethionine-C,H;-1-C" per pool of two 
normal female rats (I X 10’ c.p.m.) was injected as described in 
the text. 


Specific | Total activity 

c. c. .. 
Nucleic acids-free proteins 17 37,000 
22 900 
— ob 61 8,000 


nucleic acids. With the use of the nucleates, the DNA was then 
separated from RNA (17), and both fractions were purified until 
the analysis showed that the DNA was free from RNA and 
vice versa. The sugar content of the isolated DNA and RNA 
was quantitatively that of the respective standard preparations 
of pure DNA and RNA. The activities of the isolated DNA, 
RNA, and the proteins are shown in Table III. All activity 
measurements were performed at infinite thinness in a gas flow 
windowless counter, with appropriate corrections. 

The data indicate that the specific activity of RNA was several 
times greater than that of DNA or the proteins. Pending the 
localization of the activity in the components of the nucleic acids 
and the identification of these Ci, containing components, we as- 
sume that transethylation via the intermediate S-adenosyl-t- 
ethionine to a component or components of one or more variety 
of nucleic acids in rat liver has taken place. Since ethionine was 
also incorporated into rat liver proteins, it is, perhaps, justifiable 
to assume that the incorporation of ethionine into the proteins 
via the mediation of the respective RNA systems of the liver cell 
was preceded by the formation of ethionine adenylate. The 
evaluation of the etiological significance of the formation in vivo 
of the presumably ethylated derivative or derivatives of liver 
nucleic acids from ethionine via the process of transethylation, 
with the attendant possibility of alteration of the physicochemi- 
cal and biological properties of these nucleic acids, in the process 
of formation of hepatomas in ethionine-fed rats is the objective 
of further studies. 
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I. A REINVESTIGATION OF A MODEL SYSTEM 
FOR STUDYING STEPWISE DEGRADATION 
OF POLYRIBONUCLEOTIDES* 


Maurice Ocur anp James Davip 


From the Department of Microbiology and the Biological Research 
Laboratory, Southern Illinois University, Carbondale, Illinois 


(Received for publication, August 15, 1960) 


The determination of nucleotide sequence in a polyribonucleo- 
tide has awaited the isolation of molecularly homogeneous 
samples of ribonucleic acid and the development of adequate 
methods of sequence determination. The fractionation of 
soluble RNA leading to the isolation of a tyrosine-specific RNA 
has been reported (1). A method for determining the base 
sequence by a stepwise degradation procedure has been proposed 
(2, 3) and worked out for a trinucleotide (4). In tests of the 
procedure on adenosine 5’-phosphate as a model substrate, it 
was found (5)' that incubation with glycine buffer at pH 10.3 
failed to yield quantitative elimination of inorganic phosphate 
from periodate-oxidized AMP. Any failure to eliminate the 
terminal mononucleotide of a polynucleotide quantitatively in 
the stepwise degradation method would be expected to lead to 
the accumulation of blocked chains and progressively decreased 
yield of cleaved mononucleotide. It may be estimated that it 
would be difficult to apply the method as described to chains 
longer than five or six nucleotides. Todd (6) has in fact ex- 


* This study has been aided by grants from the American Can- 
cer Society and the National Science Foundation. 

t Part of this work has been described in detail in a thesis sub- 
mitted in fulfillment of the requirement for the M.A. degree at 
Southern Illinois University by James David Small. 

1 A. R. Todd, personal communication. 
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pressed doubt as to the applicability of the method to long chain 
polyribonucleotides without prior ensymatic degradation to some 
smaller fragments capable of being separated. 

We have reinvestigated the same model system previously 
studied (5) with three objectives: (a) to obtain quantitative 
cleavage, (b) to seek milder conditions of cleavage not quite so 
close (pH 10.3) to the upper limit of RNA internucleotide link 
stability (pH 10.5) and, (c) to decrease the time required in both 
periodate oxidation and alkaline elimination reactions. (The 
20 to 24 hour incubations employed in each step in the earlier 
work might be expected to become prohibitive with increasing 
chain length of a polyribonucleotide.) 

Preliminary trials of a series of bases in the alkaline elimina- 
tion reaction indicated that the diamino acid, lysine, gave a 
higher rate of phosphate elimination from the periodate oxida- 
tion product of AMP than the monoamino acid, glycine, or the 
dicarboxylic acid, aspartic acid, at pH 10.3. Of the phosphate, 
93% was eliminated as inorganic phosphate after 5 minutes in 
lysine buffer at pH 10.3, compared to 62% in glycine buffer and 
20% in aspartate buffer. Extended incubation to 24 hours, 
however, failed to yield quantitative elimination of the phos- 
phate, even in lysine buffer at pH 10.3. Comparable experience 
had been reported (7) on the alkaline (1 * NaOH) elimination 
of phosphate from 3-phosphoglyceraldehyde (the periodate 
oxidation product of AMP may be considered a 2-substituted 
derivative of 3-phosphoglyceraldehyde). It has been suggested 
(5) that the failure to achieve quantitative alkaline elimination 
of inorganic phosphate from a §-carbonyl phosphate may arise 
because of a competing side reaction, perhaps a Cannizzarro 
reaction. 

Altering the molar concentration of lysine buffer between 0.1 
and 1.0 M at constant pH (10.3) failed to yield significant in- 
crease in the extent of the reaction studied. 

Extremely high hydroxy] ion concentration (0.1 u and 1.0 M 
NaOH) progressively decreased the rate and extent of the phos- 
phate elimination reaction and may be inferred to have en- 

A study of the pH dependence of the reaction at constant 
concentration of lysine (0.25 u) indicated that although the rate 
is diminished at lowered pH, there is 88% elimination of phos- 
phate, even at pH 5.6, and essentially 100% at pH 7.5 in 24 
hours. Incubation with pH 8.0 lysine (end pH approximately 
7.3) produced a quantitative yield of phosphate within 90 
minutes. Replicate runs with pH 8.0 lysine yielded a mean 
value of 99.4 + 0.6% (s.d.) of the phosphate eliminated from 
the periodate oxidation product of a sample of AMP (Pabst) 
which assayed for 102.0 + 0.3% of the theoretical total phos- 
phate corresponding to the formula AMP-2H,O. One may 
infer that near neutrality the competing side reaction is es- 
sentially abolished. 

We have thus achieved our three objectives of more quantita- 
tive cleavage under milder conditions in shorter time with the 
model system. We have also found that the incubation time in 
0.025 M periodate (at approximately 800% molar excess) may 
be reduced from 20 hours to 1 hour without sacrifice of any of 
the phosphate yield in the subsequent elimination reaction. 
These modified conditions may be expected to be useful in ex- 
tending the applicability of the stepwise degradation method to 
somewhat longer nucleotide chains. It would be desirable to 
seek additional tests and improvements of this potentially 
elegant method since it does seem to provide a basis for attempt- 
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Myosin B Nucleoside Triphosphatase in 
Deuterium Oxide* 


Ken Horraf anp Manvust F. Morares{ 


From the Department of Biochemistry, 
Medical School, Hanover, New Hampshire 


(Received for publication, August 22, 1960) 


There are important differences in the way that myosin 
catalyzes the hydrolysis of adenosine triphosphate and of inosine 
triphosphate. At pH 6 to 8, ITPase action is much faster than 
that of ATPase, and for various reasons it is logical to suppose 
that in this pH range ATP hydrolysis involves a rate-retarding 
interaction not present in ITP hydrolysis (1-3). The following 
observations on myosin catalysis in D,O as well as HO solvents 
may constitute novel evidence for this hypothesis. 

Except for the use of D. O, the techniques employed in this 
work are described in a closely related paper (4). Deuterium 
oxide characterised as “99.9+% pure” was obtained from two 
different suppliers, but had to be further rid of impurities other 
than H,O. The distilled-from-glass Abbott Laboratories 
product was redistilled (101-102 fraction) by us for these 
measurements. Orthophosphate assay was not complicated by 
DO; however, the solubility of myosin B at lower pD seemed 
appreciably reduced (more so in ITP than in ATP solvents) in 
DO. We have sought to compare rates in H,O with rates in 
DO when pH = pD. The latter was computed by adding 0.44 
to the reading from small Leeds and Northrup electrodes (5). 
Alanine (0.1 u), and histidine (0.1 uu), were used as buffers at the 
higher and lower pH values (or pD values), respectively. All 
measurements were carried out at 25°, in 0.6 « (CH.) NCl, at 
ensyme-saturating' concentrations of nucleotide (mm) and of 


* This investigation was supported by National Heart Instituet 
Research Grant H-3508, — 1 Dartmouth Medical 
School from the New Hampshire Heart Association. 

t Fulbright Scholar. 

1 Career Investigator, American Heart Association. Present 

: Cardiovascular Research Institute, University of Cali- 
fornia Medical Center, San Francisco, California. 

1 At pD 7.2, the reciprocal Michaelis constant in D. O is roughly 
1.4 X 10‘ uw, compared to approximately 5 X 10* a“ under corre- 
sponding conditions in H;0. 
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Fig. 1. bass, in micromoles of orthophosphate per gram of myo- 
sin per second, for ITPase (A, A) and ATPase (O, @, O, . O. 
@) as a function of pH in H:O (open figures) or of pD in D- O 
(filled figures). The different figures, or the different orientations 
of the same figure, indicate different myosin preparations or the 
same preparation at different ages. The smooth lines indicate the 
general behavior discussed in the test. The abbreviations used 
are: AET, preparation activated by treatment with S-8-amino- 
ethylisothiuronium; DNP, preparation activated with 2, 4-dinitro- 


— 


CaCl; (10 mm). Deuterium oxide solutions were exposed to air 

Fig. 1 summarizes representative results. For fiscal reasons, 
not as many points were obtained to define the lings as is possible 
in H,O work, but the general character of the Vas: (pH) rela- 
tionships is rather sure. At pH = pD = 7.2, we also undertook 
a few experiments with enzyme activated by S-8-aminoethyliso- 
thiuronium (4, 6), and by dinitrophenol (7).“ The general re- 
sults are: (a) for ITPase, V. always exceeds (DO), 
and the increment increases with pH and pD; (b) for ATPase, 


2 We had no success in trying enzyme activated by ethylenedi- 
aminetetraacetate (EDTA) (8) because we discovered that this 


ATPase in Deuterium Oxide 


Vol. 235, No. 12 


at pH (or pD) around 7, . (HO) F. (DO), but to 
either side, the increment increases; (c) for ATPase at pH = 
pD = 7.2, if the enzyme is strongly activated, then V. (HO) 
appreciably exceeds V. (DO); if mildly activated, then V. 
As an interpretation of the foregoing we propose the following, 
Suppose that between the initial enzyme-substrate complex, X,, 
and the final regenerated free enzyme, X., there is at least one 
other distinct intermediate species, X, and that water primarily 
influences one of the two (I and II) consecutive processes. 


H: O (or D: O) 
*. * ap K. 


Then we can expect that substituting D-: O for H: O may or may 
not affect J., depending on whether Process I or Process II 
is rate limiting. In the present context we suggest that for 
ATPase around pH = pD = 7, Process II is rate limiting; 
therefore, the water substitution does not affect the observed 
Vex. However, to either side of this pH (or pD) the “bottle- 
neck” of Process II disappears, and Process I becomes rate 
limiting, whereupon the substitution does reduce Vez. Cor- 
respondingly, if the “bottleneck” is eliminated by means other 
than pH change (as by S-8-aminoethylisothiuronium activation) 
then also Process I becomes rate limiting and the reaction is 
slowed in DO. In the case of ITPase we suggest that no 
“bottleneck” in Process II develops at any pH, so that the 
limiting process is always I, and the reaction is al slowed 
on substituting D. O for HO. According to Blum 9 and to 
Gilmour (3), X: might be an adsorption complex of myosin and 
nucleoside diphosphate, so that Process II in ATPase activity 
would be desorption of ADP.“ 

Our observations on NTPase at neutral pH and pD correspond 


substance does not activate in 0.60 M (CH,) NCl solvent, as it does 
in KCl. At pH 7.2, the following activities were observed: 


(CHs)NCI KCl 
umoles/g sec 
Disodium EDTA, 0.01 m............. 0.08 15.10 


It appears that either EDTA and the metal cation (e.g. K*) co- 
operate in EDTA activation, or else the formerly more powerful 
activation by K* is normally masked by an EDTA-neutralizable 
impurity in KCl. 

It is evident that our observations are also interpretable by 
assuming, 

H: O (or D: O) 
Enzyme, ATP enzyme -P enzyme 


However, the existence of intermediate phosphorylated myosin 
remains ethereal. Koshland, et al. (9) first showed that myosin 
does not catalyze ADP®-ATP* exchange. Catalysis of excess in- 
corporation of O from water into orthophosphate product (10), 
for a time advanced as evidence of a phosphorylated intermediate, 
has now been shown to occur at different rates depending on the 
nucleoside substituent (11), so that the nucleotide ring is near the 
phosphate at the time that the exchange occurs, and such a struc- 
ture cannot be called a enzyme in the conventional 
sense. 
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to the observations on shortening of psoas fibers by Kaminer 
(12), whose observations in fact prompted this work. 
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The Nonenzymic Activation of 
Prothrombin by Polylysine 


Kent D. MILLER 


From the Division of Laboratories and Research, New 
York State Department of Health, Albany 


(Received for publication, September 12, 1960) 


Thrombin is formed from homogeneous horse prothrombin by 
reaction with synthetic poly-t-lysine.: The nonenzymic nature 
of this activation is suggested by the following reaction condi- 
tions: (a) a high, optimal weight ratio of polylysine to pro- 
thrombin, this ratio being constant regardless of large variations 
in molecular weights of the synthetic polylysines; (b) progression 
of the reaction at low temperatures; (c) inhibition of the reaction 
at ionic strengths ordinarily not affecting enzymic reactions; and 
(d) nonsensitivity of the reaction to diisopropylfluorophosphate. 
The rate of the activation reaction is a function of the concentra- 
tion of the combined reactants if held in constant proportions by 
weight. The reaction is not enhanced by calcium and mag- 
nesium ions. Synthetic polylysines of smaller average molecular 
weight produce greater yields of thrombin than do the larger 
polymers, even though the same optimal proportions by weight 
are required to initiate the various reactions. 

Optimal pH range for the polylysine-prothrombin activation is 
8.0 to 8.5. No activation occurred at or below pH 6.0. Pro- 


1 Poly-L-lysine hydrochlorides with molecular weights of ap- 
proximately 5,000 and 175,000 were obtained from the Mann Re- 
search Laboratories. Poly-L-lysine hydrobromide with an av- 
erage molecular weight of 15,000, obtained from Schwarz 
BioResearch, Inc., was converted to the hydrochloride for com- 
parison with the others. Except where otherwise stated, the ex- 
periments were done with the polylysine with a molecular weight 
of approximately 5,000. Homogenous horse prothrombin (1) and 
biothrombin (2) preparations were measured in Iowa' units ac- 
cording to the procedures of Ware and Seegers (3). 


K. D. Miller 


PC63 


thrombin activation was followed in reactions containing 4.0 mg 
of prothrombin and 3.0 mg of polylysine in 2.0 ml of 0.01 1 
acetate, imidazole, or Tris buffers covering the pH range 5.0 to 
9.0 in 0.5 unit increments. In all subsequent experiments, Tris 
buffer at pH 8.0 was used, and the prothrombin and polylysine 
were titrated to pH 8.0 before mixing. 

The ratios of the various molecular weight polylysines to 
prothrombin required for the initiation of the activation were 
all in the range of 0.15 to 0.30 mg of polylysine nitrogen per 4.0 
mg of horse prothrombin by dry weight (Fig. 14). These 
ratios were determined by following thrombin formation for 2 
hours at 27° in mixtures containing 4.0 mg of prothrombin and 
variable amounts of each polylysine or lysine monomer in 2.0 
ml of 0.05 « Tris buffer, pH 8.0. The weights of polylysine in 
milligrams may be calculated by multiplying the nitrogen values 
by 4.57. With quantities of polylysine above those required 
for initiating the activation, the yields of thrombin were reduced, 
giving an optimal ratio of polylysine to thrombin. Quantities 
of biothrombin equivalent in activity to the prothrombin were 
unaffected at all the polylysine levels, demonstrating that poly- 
lysine did not affect the thrombin assay. The reduced thrombin 
yields appear, in part at least, to be a function of the degree of 
polymerization in the polylysine (Fig. 14). 

A low optimal temperature range of 15-28° was demonstrated 
by following the activation at various temperatures of 4.0 mg 
samples of horse prothrombin when mixed with 3.0 mg of poly- 
lysine in 2.0 ml of 0.01 M Tris buffer, pH 8.0. Fig. 1B presents 
the degree of activation in these reactions after 90 minutes. The 
low temperature optimum is still more intriguing when one 
considers that the activation at 3° eventually produced a maximal 
thrombin yield. This activation at reduced temperature is not 
only helpful in substantiating the nonenzymic nature of this 


PERCENT ACTIVATION 
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Fie. 1. Conditions for the polylysine-prothrombin activation. 
A. Variable polylysine concentration and size. X, poly- 
lysine, molecular weight 5,000; O——O, polylysine, molecular 
weight 15,000; @——@, polylysine, molecular weight 175,000; A, 


lysine. B. Variable temperature. C. Variable ionic strength. 
@——@, NaNO;:; O——O, Ca(NO;)2; A——A, Mg(NOs)s. D. 


Variable protein concentration with a constant polylysine to pro- 
thrombin ratio. 
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reaction, but also provides a means of avoiding secondary 
hydrolytic reactions due to the thrombin formed. Biothrombin 
activity was stable in polylysine at all these conditions. 


The polylysine activation of horse prothrombin was more 


sensitive to ionic strength changes than most enzymic reactions. 
The effects of salt were studied by reacting 4.0 mg samples of 
prothrombin for 1 hour with 3.0 mg of polylysine at 27° in 2.0 
ml final volumes, which were 0.005 M with respect to Tris buffer, 
pH 8.0, and contained various amounts of sodium chloride, 
sodium nitrate, calcium nitrate, or magnesium nitrate (Fig. 1C). 
Stock solutions of the calcium and magnesium salts were ad- 
justed to about pH 7.5 before addition to the reactions. Sodium 
chloride and sodium nitrate affected the reactions to the same 
extent when in equal concentrations. Ionic strengths in the 
range 0.05 to about 0.20, when provided by neutral salts, were 
optimal for activation. Outside of this range, the neutral salts 
were inhibitory. Neither calcium nor magnesium nitrates en- 
hanced the activation. In fact, the ionic strength optimal for 
these salts was narrower than the neutral salt optimum (Fig. 1C). 

At a constant ratio of prothrombin to polylysine the rate and 
yield of the activation depend on the concentration of the re- 
actants (Fig. 1D). Horse prothrombin, 20 mg, was mixed with 
12 mg of polylysine in 4.0 ml of 0.05 M Tris buffer, pH 8.0, giving 
an 8 mg per ml protein concentration. Samples from this 
solution were then diluted with 0.05 M buffer, giving other total 
protein concentrations of 6, 4, 2, and 0.8 mg per ml. Fig. 1D 


²˙ 
polylysine in 0.05 m Tris, pH 8.0, both in the presence and 
absence of 2.5 Xx 10 M DFP. The rate of prothrombin con- 
sumption in the solutions containing DFP was the same as that 
of prothrombin consumption and of thrombin generation in the 
DFP-free systems. After 1 hour at 27°, systems without DFP 
contained 50% thrombin and 50% prothrombin, whereas the 
reactions with DFP also contained 50% of the original pro- 
thrombin. This phenomenon suggests that the activation itself 
is unaffected by DFP. In contrast, DFP completely inhibits 
the citrate activation of the horse prothrombin just as it does 
that of cow prothrombin (4). 

The experimental findings described above establish the condi- 
tions for an apparent nonenzymic activation of horse prothrombin 
when mixed with synthetic polylysines. This reaction, now 
under detailed study, is unusual since most zymogen activations 
studied to date result from proteolytic cleavages (5). The high 
net charge of the polylysine may provide in a large part the forces 
responsible for this zymogen activation as implied by the re- 
quired high and optimal ratio of reactants regardless of poly- 
lysine molecular weight and by the ionic strength effects. The 
possibility of an activation by a substrate analogue might be 
considered since lysine ethyl ester was reported as a substrate 
for thrombin by Ehrenpreis et al. (6). 

Although the prothrombin activation described in this paper 
is far from physiological, it is conceivably a model for bio- 
by which blood coagulation is initiated. A number of basic 
materials, even nonspecific protein, may contribute to this 
action, which would explain some of the multiplicity of coagu- 
ation factors, as well as the initiation of some phenomena related 


2 The abbreviation used is: DFP, diisopropylfluorophosphate. 


to prothrombin activation in vitro. After small amounts of 
thrombin (or possibly another proteolytic enzyme) are formed 
from its zymogen by the nonensymic route, the generation of 
thromboplastic activity can well be explained by the proven effect 
of thrombin in activating a prothrombin-activating substance(s) 
(7). Initiation of coagulation by nonenzymic prothrombin acti- 
vation also explains the failure in clotting of blood containing 
heparin and related acidic macromolecules. 
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Synthesis of 1-8-Mercaptopropionic Acid 
Oxytocin (Desamino-oxytocin), a Highly 
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The elucidation of the structure of oxytocin by degradation 
and synthesis has shown that this hormone possesses a number of 
functional groups: a primary amino, a phenolic, 3 carboxamide, 
and a disulfide. The synthesis of certain analogues affords an 
approach to the study of the significance of the presence of these 
functional groups, as well as other aspects of the structure, to 
the possession of biological activity. Through such studies with 
these analogues it may be possible to determine what group or 
groups are required for attachment of the hormone to its receptor 
site. This approach may ultimately contribute to the elucida- 
tion of the reaction vital to the logical response. 

An evaluation of the importance of one of these functional 
groups, the phenolic group, to the biological activity of oxytocin 
has already been made possible by the synthesis of 2- phenyl. 
alanine-oxytocin (1, 2). Here the tyrosine residue in oxytocin 
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was replaced by phenylalanine. This analogue possesses uterine- 
contracting, avian depressor, and milk-ejecting activities. Al- 
though it is considerably less active than oxytocin it should be 
stressed that 2-phenylalanine-oxytocin (desoxy-oxytocin) is a 

potent pharmacological agent. 
We now wish to report the synthesis and some of the biological 
properties of desamino-oxytocin: 
C.H,OH 


0 Cu. 


C 


8 0 0 
| 


conn, 


u. bu 


(CH.) 
Desamino-oxytocin 

In this analogue the half-cystine residue in the 1 position is 
replaced by a B-mercaptopropionic acid residue. This analogue 
has been synthesized by the stepwise p-nitrophenyl] ester pro- 
cedure used earlier in this laboratory by Bodanssky and du 
Vigneaud (3). For desamino-oxytocin the protected octapeptide 
-L- isoleucy] -L-glutaminy]-.- 
asparaginyl-S-benayl-I- eysteinyl- L- prolyl - L- leueylglyeinamide 
was treated with hydrogen bromide in acetic acid to remove the 
carbobenzoxy and O-benzyl groups. The free base obtained 
after treatment of the hydrobromide with triethylamine in di- 
methylformamide was coupled with p-nitrophenyl S-benszyl-f- 
mercaptopropionate. This ester, m.p. 35-36°, was prepared by 
condensing p-nitrophenol with S-benzy]-8-mercaptopropionic 
acid in the presence of dicyclohexylearbodiimide. 


Cie HNO. S 
Calculated: C 60.55, H 4.76, N 4.41 
Found: C 60.53, H 4.80, N 4.40 


The S-benzyl groups were then removed with sodium in liquid 
ammonia. The resulting dithiol was oxidized by aeration of an 
aqueous solution at pH 6.8. The biologically active disulfide 
was isolated by countercurrent distribution in a butanol-ethanol- 
0.05% acetic acid (4:1:5) system, followed by lyophilization. 


CasHesN 110128: 
Calculated: C 52.04, H 6.60, N 15.53 
Found: C 51.79, H 6.73, N 14.90 


This material possessed 390 units per mg of avian depressor 
activity. In other experiments the dithiol compound was 
treated with potassium ferricyanide at a pH of approximately 7 
to obtain the disulfide. By this procedure a higher yield of a 
more active material (578 units per mg) was obtained after 
purification by countercurrent distribution. Furthermore, the 
nitrogen value of this preparation was in agreement with the 
theoretical value for desamino-oxytocin. 


du Vigneaud, Winestock, Murti, Hope, and Kimbrough, Jr. 


CasHesN 110128 
Calculated: C 52.04, H 6.60, N 15.53 
Found: C 51.74, H 6.76, N 15.36 


[a]? — 107° (e, 0.47 in 1 N acetic acid) | 
The amino acid analysis of an acid hydrolysate of the material 
by the Beckman-Spinco automatic amino acid analyser showed 
the presence of a peak on the chromatogram identical with the 
position of that found for an authentic sample of the mixed di- 
sulfide of cysteine and B-mercaptopropionic acid. This amino 
acid was synthesized by oxidation of a mixture of L-cysteine and 
B-mercaptopropionic acid in neutral solution with potassium 
ferricyanide. The crystalline material melted at 202° with de- 

composition and showed [a]> —110.5° (e, 1.0 in 1 * HC). 


C.Hi: NOS: 
Calculated: C 31.99, H 4.92, N 6.22, 8 28.46 
Found: C 32.12, H 4.95, N 6.26, S 28.30 


The molar ratio between the mixed disulfide and leucine taken 
as 1 was 0.5. In addition cystine (0.25) was present. These two 
substances together fully account for the half-cystine residue in 
the analogue. Undoubtedly an acid-catalyzed disulfide inter- 
change (4) had occurred with the mixed disulfide during acid 
hydrolysis yielding a mixture of cystine, the mixed disulfide, and 
the ninhydrin-negative disulfide of 8B-mercaptopropionic acid. 
In addition ammonia (3.0), glycine (1.0), aspartic acid (1.0), 
glutamic acid (1.0), proline (1.0), tyrosine (0.8), leucine (1.0), 
and isoleucine (0.9) were present. When assayed according to 
the official method for oxytocin, utilizing the fall in blood pres- 
sure of the chicken prescribed in the Pharmacopeia of the United 
States (5) with the surgical procedure modified to that of Mun- 
sick, Sawyer, and van Dyke (6), desamino-oxytocin gave an 
activity of 578 U.S.P. units per mg.' This is higher than that 
of oxytocin itself isolated under comparable conditions. Further 
studies are underway on the purification of this highly active 
analogue. In contrast to this high avian depressor activity, the 
rat pressor activity was lower than that of oxytocin. By direct 
comparison, the desamino-oxytocin was found to have about 
one-third of the pressor activity of oxytocin. Preliminary results 
indicate that desamino-oxytocin also possesses a high order of 
milk-ejecting activity in the rabbit (7) and of uterine-contracting 
activity on the rat uterus in vitro (8). 

The surprising finding that oxytocin minus its amino group 
was so highly active has led us to undertake the synthesis 
of desamino-desoxy-oxytocin (1-8-mercaptopropionic acid 2- 
-phenylalanine-oxytocin) and the corresponding 1-desamino 
lysine-vasopressin (1-8-mercaptopropionic acid lysine-vaso- 
pressin) by synthetic approaches comparable to those used for 


1 The high activity of desamino-oxytocin affords an opportunity 

to test directly the influence of the size of the ring on the biological 
properties. We have therefore undertaken the synthesis of the 
lower homologue of desamino-oxytocin utilizing mercaptoacetic 
acid in place of 6-mercaptopropionic acid which should lead to a 
19-membered ring in place of the 20-membered ring of desamino- 
oxytocin and oxytocin. The protected nonapeptide obtained gave 
the correct analyses for S-benzyl-mercaptoacetyl-i-tyrosyl-.- 
-- prolyl - L -leucyl- 
glycinamide (D. Jarvis and V. du Vigneaud, unpublished data). 
When this compound was reduced in liquid ammonia with sodium 
followed by oxidation, the resulting solution gave an avian de- 
pressor activity of 0.4 to 0.5 units per mg of protected nonapeptide 
used for the reduction. Further work is underway to isolate and 
characterize this compound. 
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desamino- Oxytocin. For the preparation of desamino-desoxy- 
oxytocin, phenylalanine was used in place of tyrosine and for the 
corresponding 1-desamino lysine-vasopressin, phenylalanine was 
used in place of isoleucine, and lysine in place of leucine. Pre- 
liminary results for desamino-desoxy-oxytocin indicate a mini- 
mal avian depressor activity of 14 units per mg. For the 1-des- 
amino lysine-vasopressin we have arrived at a tentative value of 
125 units per mg. of rat pressor activity, approximately one-half 
that of lysine-vasopressin. 

The work with desamino-oxytocin has clearly demonstrated 
that the amino group in oxytocin is not required for the bio- 
logical activities so far tested. Furthermore, although the 
desamino-desoxy-oxytocin is less active than desamino-oxytocin, 
the results on these compounds indicate that the presence of the 
phenolic group is not necessary for avian depressor activity but 
enhances the degree of activity. This conclusion is in keeping 
with that drawn from the work with 2-phenylalanine oxytocin 
(1, 2) (desoxy-oxytocin). It may also be recalled that a similar 
conclusion was reached when the pressor activity of 2-phenyl- 
alanine lysine-vasopressin was compared with that of lysine- 
vasopressin (9, 10). 

The preliminary work with 1-desamino lysine-vasopressin 
indicates that this vasopressin lacking an amino group in the 
number 1 residue is still capable of exerting a pressor effect but 
to an extent approximately one-half that of the hormone. The 
absence of the amino group apparently decreases the pressor 
activity. If this be borne out by further work it would indicate 
that the basicity of the molecule as a whole may be important to 
the pressor activity. So far attention has been focused on the 
basicity of the amino acid in the penultimate position of the side 
chain of vasopressin as a result of studies in this laboratory in 
which it has been shown that lysine-vasopressin is less active 
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than arginine-vasopressin and that substitution in this pc | 


by the weakly basic histidine (histidine-vasopressin) or by leue 
(oxypressin) led to analogues of far lower pressor activity 
milligram of purified and isolated compound (11, 12). In a¢ 
tion it should be borne in mind that desamino-oxytocin has 
lower pressor activity than oxytocin. d 
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